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V1. The Definition of a Schlieren

NASA TT F- 12,731

SCHLIEREN ME_'AN[_THEIR APPLICATION

j H. Sch_rdin
Cover P'_,:e l_]e

ABSTRACT: This paper presents an exhaustive review of

the schlleren method and its applications. The author

starts out with the historic==l development and descrip-
tion of similar methods. He describes applications and
techniques used in such area: as geology, physics, chemis-

try, etc. Hany examples are!given and explained in detail
with pictures of actual expo: ures of schlieren and associ-
ated phenomena in a multitud, of materials and their prac-
tical application. Extensiv, use is also made of rigorous

mathematical proof to determ ne the validity of equations
and their operators.

Cover Pa!_' Source
!
I

If there are points in a translu ent homogeneous medium at which the

_-index of refraction varies somewhat from its nominal value, these points are
tf I!

25 !'called schlieren . Light falling upo_ the medium ,is deflected at small

_g, les. The magnltud_ agthe def_depen_s_Lo_th_e_A__o£_
the schlieren refraction index, but al:;o on it_ shape. Light deflection can

_also occur if there is no change in th, refraction index, e.g. if the surface
:of a glass plate deviates slightly frol

30 _definition of schlieren commonly found

_where the refraction index is changed

of schlieren will include a larger are

The cause of any light deflectio
35 -considered a schlieren.

In this sense a moving sound wa_
able light deflection is a schlieren.

its nominal value. Contrary to the

in glass technology, where only points

_re considered as schlieren, our concept

restricted to a small area will be

intensive enough to cause an appreci-

in machine glass, bas ,_donly on a change in glass thickness,

considered schlieren. However, if aare also to pane of glass has a wedge
• meaning that both sides are s _ooth but not parallel to each other,
_it is not a schlieren despite the slig It deflection of light, since the de-
_flection is not confined to a small az

Other examples of schlieren are:
_ties in salt solutions or in a mixture

-the turbulent wake of a flying project

_0 _-*Numbers in the margin indicate pagtns

._a.

air rising from heaters; inhomogenei-
of two gases; head and tail waves; and

Lle.

:ion in the foreign text.
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_-2. The Nature of the Schlieren Method i

_- Sch_leren methods are use_at _ _ present tzme to vzsuahze, observe,

_-photograp_or make photoelectric records and measure small light deflections.
_In the pa._t they could be used only to lidentify the existence and posRtion ofI . ov _ a e/ttle . .
_schheren,]-but today we are able _o _ure quantltatzvely the amount/of

_light deflection and in some cases to _educe the physical condition o_ the
i . . /

schheren from thzs. /
In addition, schlieren methods can be advantageously used to record

_small light deflections, e.g., to investigate the deformation of _ reflecting

surface by reflecting light under the _nfluence of certain forces.
t

_3. Seeing Schlieren with the Naked Ey_

_- The concept of schlieren is an o tgrowth of normal experience. Schlieze_
_can be seen with the naked eye in a wil
Lroad tracks on a hot summer day; there
_-not always necessary to use a p_y6_c_
Ldoes seeing schlieren with the naked e_
_of glass plate with streaks and try to'

_seen most distinctly. If we look thro_
'-light of the sky, we do not discern an'

_menting can place the glass plate at ti

_surface. With the glass plate in this
_-_Iier_-b-_ause t_f_b- lig-ht-deflectS-to6

_against the dark background and dark s]
_(Figure 1). If the glass plate is mov,

_easily be seen on the entire surface o:
_flected in the schlieren, straight lin

_the glass plate. This is often unple_
_through a window with gross flaws, a s!

_uckled (Figure 2). When the eye is

_the light rays forming the image in th
_spots in the glass and this causes va_

_this way schlieren become very notice

_not be taken for two reasons: it is i_
_and the plate glass at the same time*,
!-nized only in a few places from one ey

Hot air schlieren rising from a hot object are recognized by background
_distortion. In this case schlieren mcvement produces a shimmering effect even

_though the eye is at rest.

- Although coarse schlieren can be

_struction of special instruments is ne
_partioularly if quantitative Masurese

50 _ NA$

ldowpane, above a heater or above rail-
are also other examples of them. It is

i_n._nt to recognize them. What
_e depend upon? Let us pick up a piece
hold it so that the schlieren can be

lgh the glass plate toward the uniform

_thing; however, some leisurely experi-
le boundary between a light and a dark
positio_ i_4,i_ easy to recognize

o_'-the $c-hlie_en_show---Ii-_t spots

_ots against the light background
.=d back _nd forth, the schlieren can

/305

_ the plate. Because of the light de-
.s become distorted when seen through

;antly not'ceable in windowpanes. Seen i

:raight fla _ole looks as if it has I
_ved, the p_ _ appears to move because 1

eye pass through continuously changing]

[ous degrees of light deflection. In | /306
_ble; however, good pictures of them cans-
)ossible to concentrate upon the object
ihe presence of schlieren can be recog-

position.

observed with the naked eye, the con-

_essary for more accurate observation,
_ts are required.

12
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I. Schlieren Hethods with

, Optical Representation of the

Schl ieren

5

TiT_ Schlieren Hethod Nu r I

In addition to the Tbepler

o

_. • • . - c i_. _" _ _- _ _.,,.. .. . . • - • -._

i._£.'" " :" .'..'" " : '2.

F-

?_3 _-Figure 1. To Observe SchllereC_raP_,
'-Glass Plate, Hold the Plate Between th
_Eye and the Boundary of a Light and a
L-Dark Surface.
t

to list them all here because many of

Im_-t_on b_]_-e iiieth6d des c-ri_-e

_the naked eye leads to the following a
L

30 _ In Figure 3 S represents the sch
I-produces its image on S'. Light comin

-through it. B is a straight edge whic
-optical axis, so that only light above
-corresponds to the eye an_ B to a dark

schlieren method and the Dvorak

!0 shadow method, which have general-
ly been considered the schlieren

methods up to the present time,

quite a number o£ other methods

are available for visualizing

15 schlieren. They will be numbered
consecutively in this paper. _!ot
all of these methods are of great
importance, but there will occa-

sionally be cases where a parti-
e _,_=,_tar method is especially

suitable because there are so

many applications the schlieren
methods. Moreover, for systematic
reasons it has seemed inadvisable

:hem havF not been published e'lsowhere.

_-ab0ve tor recognlzlng sc-_-i_e-_n--w_-i_--

rrangeme_t (schlieren method number I).

lieren under investigation; objective O
from illuminating surface L passes
restricts the light source to the

it can shine freely. The camera Ka

patch in front of the bright sky (L).

35 -What kind of image can be expected in _'? The lower half in S' will appear
-bright because it receives light frost, but the top half will be dark. The

-transition is not very sharp because _=ust be represented without sufficient
-depth as a result of the limited aperture of the image. If a slit diaphragm
-B' is placed in front of O, the transition can be sharpened by narrowing the
:-diaphragm. But now, a light deflectic_ shows up in the schlieren, i.e., the

_0 _light-dark tr_sition in the image ishot a straight line, but is more or less

_bent according to the kind o£ schlieren; dark spots will be present in the
_light part and vice versa, light spot_ will be present in the dark part. As

_an example, the image of point P o£ t_e schlieren will lie in the dark part,

4_ _becm_se the latter lies in front of d_aphragm B. I£ a light deflection oc-
, 1__curs in P by an angle ¢ light from _ht source L will still contribute to

_the image of this point end it will _pear bright. In _he light-dark transi-

_tion zone the schlieren therefore becd_es visible. Figure 1 was obtained by
_thi_ method. By lILiting this narrow _ut long region with a diaphragm B" and

_moving B" with B, SO that both rota_S_round the internal perspective center
50 _of the lens, the schlieren of the object becomes successively visible. The

/307
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_-movementof the diaphragms is identical to scanning a schlieren with the nakec

_eye, as described above. A php_ograph _f fixed objects could easily Le made

Fwith thislmethod. For station_ob_V1'_ht_%n of the entire surface,_ovement

_would hav_ to take place so fast that ihe eye would receive a stationary
5 _-impressioq; this could certainJy be _c_ ieye_ by using an electrical _otor.

With moving phehomena
......_. ,_ the diaphragms must move ap-

_. _:_ • _ propriately faster. However, I
o ii

" " " _'i this requirement can only be I
,i: fulfilled up to a certain I

• speed of the phenomena cccur-[
• _:.::. ring in the object under ob- I

3o

35

4O

45

5O

servation.

5. Schl ieren Method
Number 2

streaks which are more or less bent.

;-arrangement can be applied directly.
-taken by this method. In it the defe(

'-can be distinguished very well [126].

The following process can be use
_arrangement, but without schlieren, a

-being developed and dried, this is use
,placed carefully in the camera; the p]

_emulsion to emulsion. In this way col
_-dbtained. The schlieren will bring o_

_coverplate and brightness will be i_

i th

t.

In schlieren method num-}

ber I we worked with a light-

dark edge, by means of which

the schlieren along a narrc_

strip were made visible. In-

vestigation of the complete

L_age field could be achieved
by  owng- -tme ....
and limiting the diaphragm

field. Instead of this, it

seemed that a large number of

individual edges could be

used (Figure 4).

In this arrangement the

schlieren would become visibk

along each edge, as described

in the previous section. The

field of vision is crossed by

there will be cases where this simple

Figures 5a and 5b zcpresent two pictures

s in a glass plate and in a water glass

d to bring out the streaks: in the same

photographic plate is exposed; after
d to cover the streaks of light and is
ate to be exposed is placed against it,

plete darkness without schlieren is
t the light over the dark streaks of the
I at these spots. The same result can



I
+

:i i

10

35

I

_be obtained in copying by using the co_erplate with the streaks between the
_original negative and the phot_grap_ic_appr.

I- • " • { o . •

l ii"._,..... .... ,..'--- _

i

_-Figure 3. Schematic for the Observe- i
-tion of Schlieren with the Naked Eye _ - • . '

-(Schlieren Method Number 1).

I)xJ

Figure 5a.

-Figures 5a and b. Photographs With Sc
-Glass; b, Water Glass.

m

- However, if the deflection is la

-deflected light must again be stopped

_,0 i-in discussing the pictures obtained, a

_o£ schlieren are taken.

_6. Schl ieren Method Number 3

The construction principle of s(45, . . .
:another ww o£ Iaking schlleren Vlslbl
4face radiating white light, while b',

Hwhich radiate light of different color
,not be so large that It exceeds sur£a¢

SO _dlstances LS and SB be of the s_te

=center of the schlierendeflects the in

Figure /4. Schematic Arrangement for
Schlieren Method Number 2.

,lieren Process Number 2i a, Plate

_ger than the width of a streak, the
down. This must be taken into account

must the fact that no steady pictures

/309

_lieren method number 2 also provides
e. In Figure 6 let a represent a sur-

)IV t CVt• c , etc. represent surfaces

_. As seen from B, specimen S should l
a. For the sake o£ uniformity, let Ihltude (= t). Now for instance, if the

cldent light by a_gle ¢, the center of /310

F- _L_
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L= i<

_-object as seen from B contains light f_om surface b'_ and therefore appears i_

i-colored light. In this way every c_lol_cgTrespunds to a definite ligh _. de-
i-flection _n the object. If th_'_i_n_ d_f_ite expansion of the object,
_surface a_adiating white light should be twice as large in accordanc_ with
_Figure 6; _noreover, i£ a definite sensitivity of arrangement is requi_ed (i.e.

_the first lcolor in the object _r_p_rl _ definite angle _), dis__ance t
_£s found.|In principle it would be possible to use this arrangement _or large

_objects and great sensitivity, but the1

10 _tremely long distances.

For example, if

E

Fare required, then

F"

20 _
!-
1

the light would have to travel ex-

I
d = 2_ cm,

!
E = 0.0029; - ]0 min.

J
!

! 3.25
Cov_r-Pa_eOg_ce

I

cm = 258 m.

..This is practically the

25 j,

30

35

4o

d

"Figure 6. Diagram of the Arrangement
-Schlleren Hethod Number 3.

..._. _ _, S _

,!

dark at all spots where the irregular

-(around I/2 ° = angle of vision of

responds to surface a in Figure 6.

A similar case occurs i£ the re_
served from a boat. A moving picture

_could be used to measure the shape of

: The colored photograph of a glas
_this nethod is given as Figure 7 in Ta

:photograph of the same glass plate tak

:(see §13). NAS
50 L [Note: Figuz

i

same arrangement as in a

i phenomenon of daily life. If,
I for example, a city is ap-

_,the windows of houses are il- I

, luminated in the reflected I

sunlight. If a window appearsl

with an angle of vision smalle_
/

than the angle of vision of

the sun (i.e. if the distance
is large enough), all of the

_or window would be equally bright
if the reflecting glass sur-
face were sufficiently smooth;

the windowpane would appear
ieflections exceed a definite value

the sun). The surface of the sun cor-

lections of the sun in waves are ob-

film of these reflect!on phenomena
the waves.

; plate with strong schlieren taken by

)le I. There it is compared with a

m wlth the lattice diaphragm method

_ 7 is on page 154]

L6
Even Odd
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_--7. Schlieren Method Number 4 i
/

, _ . P4 ' .On • 1_,i " '_' .
.ne ,object was presented _1_i ' _'ih the three schlleren methqds aes-

bcribed ab4ve. The schlieren were madelvisib.le by lighting the object[ with an

_-illuminatiJon surface divided i_to dLff_r&ut areas of brightness or c_lor to
• . . L(?)_I- Va C .I I t e . .

_cause the ld,fference ,n br,ghtness or _lor _'o become apparent ,n thelobject.
_However, _ufficient sensitivity can only be achieved with a relativel_ small

_lens opening. Now, in reference to sc_lieren methoc number 2, apparatus will

_-be described which for the first time _ntroduces the principle of the so-
0 _called "schlieren diaphragm". In the structure of Figure 4 the field of vis-

ion was crossed by streaks which are d ,formed according to the deflection in

15

2@

-the object. The streaks not 5eflected

-ground glass plate. However, the loll
-the light surface L and the object S a
_-the lens O; in this way the regular ra'
-plane of L(L') (see Figure 8); in this'

-"schlieren diaphragm". If it is exact
:light would reach the image plane S, i

_-Every light deflection of a pod_IeP
_-in L' of the rays going through this p

_-contribute to the reflection of the po
Ldark background. Every deflection per

,'-face L result in a brightening of the

can be masked in front of the

_wing better method is also possible:
re pictured at different distances by
s can be screened out in the image

case the diaphragm is called a
y negative to the light surface L, no
! there were no refraction in lens S.

,$_er, produces another position
_int, so that part of these rays may

int in S'. Point P appears light on a
)endicular to the strea_:s of light sur-
image S'iof the object. The greatest

2_ Lbrightening occurs when the lighted _tceaks from L coincide exectly with the

,spaces between the lattice diaphragm a L'. lh t_t_,s)case the tight deflection

--_-n- the-s_ier-en-h_s tl_eValue ......... l - - -

_- #

!
-With stilI greater deflection another _tarkening occurs; for

/

#

= (2)

35 -and t

_=T_k'_ (wo k=2, _, 4...), (3)

,40 '-all of the light is cut off again, s, curves of uniform brightness (iso--

phots), appear in t,e image o_the object; these curves are identical with
the curves of constant light deflection perpendicular to the streaks from the

_light surface. With sufficiently large l_ght deflection, this method is very

_-well suited for quantitative evnluatign. For a light deflection producing a

_.change in brightness to actually occu_for every uoint in the object., the
t_5 _follo_ing condition must be fulfi lled :l '

I

_- D ___ " (4)L -i ' •

NASr

/311
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r_-Figure 8. Schlieren Method Number 4.

i-Application of a "Schlieren Diaphragm"t
bin the Image Plane of L.

i ...............................................................................................................

_where D is the free opening of the image-forming 19ns O, Z and t are dist-

_ances corresponding to Figure _e _. t_e lattice constant of the light

_surface L._ If we imagine D to _(_sma_1 _dCe to be large, the entire|surface

_-S would n_ be illuminated. The lattice constant e must at least be _o small
_that the flight rays originatina_in two_._u_c_@siv, edges (separated by|e) of

_light source L just touch each_o_r "_ct_e p%sition of schlieren S. IWith D,

_-Z and t being given, equation (4) permits the necessa17 lattice consthnt e to
--be computed at the same time. |

!
In the arrangement describ

ed, the field of vision (with-

out schlieren) is dark, and

eve ry de fIection pe rpendi cu Iar
to the edges of the lattice

diaphragm produces a brighten-
ing. However, the adjustment
can be made in such a way that

the field of view provides a
": m_r:_medium brightness, and de-

flection in one direction pro-

duces more brightnes._ while
deflection in the other direc-

tion produces obscurity. For

3O

35

40

45

i this purpose the optica_ images

!of(_h9 bright streaks from
hifght sur£ace- h -6h-_n% Side Of the-cor-:esp0ndi_g dar_ st-_-_s fr-0m-th-e l_(ttice

L_diaphragm can be bypassed by an amount

_light deflection in the schlieren by t

Lscurity. In order to avoi4 another br

.since then light would fall on the oth

_rice diaphragm, the width of the illum

_the dark streaks of the diaphragm in

- Figures 9a and 9b represent two

-shows the photograph of a glass plate

-small bubbles at the surface. (This i

-common round flask was used as the obj

-this photograph that the method is ver

-which natur_!ly generate strong light

-making light 3urface L large enough an

5a' A reverse shift of the light by

le amount Aa' would produce complet_ ob-

ightening with stronger light deflection
er side of the dark streaks of the lat-

inating streaks can be kept narrower thm

_e position of the lattice diaphragm.

applications of this method. Figure 9a
vith striations and the formation of

the same plate as in Figure 5a). A

_ct in Wigure 9b. It can be seen from

¢ suitable for investigating objects

4.eflections; there i3 nothing to prevent

with enough streaks to light up even

-the most strongly deflecting parts of the object.

- A piece of equipment for zhe opt
-described by J. Malsch, 1937 [125] is
_-cribed above and with aethod nu_er 2.

_used a light grating L. A le,_s 0 also

_where we find a lattice diaphrag= wnic

'Fby photographic exposure. 1_e object

50 _hich a thin heating wire runs. Sc_a_
-wiry produces air schlieren whose inte

[cal measurement of current and voltage,

zlosely connected with the method des-

Just as in Figures 4 and 8, Malsch

directs this light grating toward L',

can be produced in the same equipment

is a small sealsd volume of air through

_g high frequency currents through this

_sity is to serve as a measursment of

',"_n "'
L .... J \

Roman Odd
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i-current intensity. Since we are only _oncerned with the total intensity of
_- " ° °m ° °, the schlleren, an optical 1 a_,:_f _h_[Db_t is not necessary; for reasons

_of maximu_ sensitivity, the object canlbe located immediately at lens 0 and

f _the photo@raphic plate can be replaced|by a photocell located directl f behind
, the lattice diaphragm L'. In _/_46rw_l_erbbtain a photocurrent which depends

.+_ . , , . , , _._ ,. ,.., .., , ,-+,,

i,.+ +_ ,_--+') ,. ..++',.._ . -... • ' . .,_ -_',
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Figure 9a. Figure 9b.

Figure 9. Photographs Taken With Schl eren Hethod Number 4: a, a Fiat Pane

of Glass; b, a Round Vase.

t Another arrangement, similar to kethod number 4, has been published by
F. Fischer [132]. In order to implement a television size projection hc used

Lan oil layer, scanned by a modulated e_ectron beam. The electrical d_arges
_developing on the surface of the oil p_oduce a corresponding dfformation.

rThus the oil layer represents a suitable object for the schlieren method.
LF. Fischer uses a light grating (illuminated bt an,arc lamp and condensor) for

!projection. In contradistinction to method number 4--as in _h_ foepler method.
_--the representation o£ the light lattice on the lattice diaphragm and of the

_object on the projection screen each tdequire a special lens. While F. Fischer
,uses the lattice diaphragm to i_creas_ the brightness of the image, method

',< !-number 4 was f£rs_ used L7 H. Maec!¢er _n the Ballistics Institute at the Air
!_War Academy in order to illuminate a larger •field _f vision.

NAS,
5O L

I
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_-8. Schlieren Method Number 5
L

_- App_icatzon of the schhe_n dza_

_:,_number 1 _ads to the following method:
:- L .Owe _a,

sc_ll__- het_ in Figure i0, as zn

i-surface limited on one side by a sharp

....thodiT
hragm principle to schlieren T

!
e T_r _ 41en method number I, be an ill inating

edge. The object S will be reproduced

_5

2O

bwith the help of lens O in S'. L will now be reproduced in L' by the same

:lens. Now let a schlieren diaphragm B, limited to a straight line on one side,
' Lbe introduced into L' in such a way that almost the entire image of light sur-

_face L is stopped down. The edge of t_e aperture and the boundary of the light

_surface should be exactly parallel andlonly a narrow strip of light of width

3G

35

_-a' should pass by the edge of the apel_ure.

LFigure I0. Schlleren Method Number 5.1
= I

Lcorrespondingly more or less light conl
_particular point P.

If Am' represents the shift of t]

idsequence of the deflection in the schli
_n_ value in the object space,

In this way all the

points of the object, repro-

duced in S' and not causing

any light deflection per-

uu,:_ pendicular to the edge of the

schlieren diaphragm, will

appear in a medium brightness_

A deflection _ at one point

P of the object causes a

: shift of the image of the ;

' _tght surface in front of the
schlieren diaphragm, so that

:ributes ito forming the image of this

ke image of the light source as a con-

eren and Aa represents the correspond-

,P r ----_-_

=,(z-t);'

i

:whence

/.

L i0
E_en

r..q_O._e'__-- T

is the relative brightcning or _rkenlng o£ point P

a." , r(l_l).

i

(s)

(6)

.......................... J
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L-

i-the arrangement. For this reason a_ s_
.... _a_ :!It
_flrst. I_a theoretical setting is mac

_:i .tion in on_ direction would be visible_
i-to receiv_any light _nd further darkei

'_-increase i_ light will not provU_%r_ (

_-either, fq_ reasons of diffraction the(

'._cally through a slit of width a', with

_-ing at L', while the other exists in t]

0 i_light surface. This causes a lack of

_object. The picture produced becomes
_of a' on.

It is also advantageous to have

'_image field at hand.
]

The sensitivity of the equipment

.......... i..........................................................

The larger ha'/a' is for a given Ic, the greater is the sensitivity of

0u!4 be made as small as possible at
e 6_ a' = O, at first only thel deflec-

since then the field of visi_ ceases

ing._ no longer possible. St_11, an
_sefUl _ image of the object athirst

ry. The image of S will appea_ practi- 1

one edge of the aperture really exist- !
e image of the straight boundary of the !

harpness in the reproduction of the i
seful 1 only from a definite magnitude

definite surface brightness of the

also depends upon the factor

t "

_lt is necessary that t be as small as _ossible in order to raise the sensitiv-i
_ty. At t = 0 the object would coincide with lens O, and for a given e the t

_shift Aa' on the schlieren diaphragm w_uld be greatest, but any reproduction
2S ,-of the object would become impossible. In addition L' must be as large as

_Ltaet_ge t_at t_e _ierlld_o;r;_s_on _ _-exn_tr:ie_mia_14_At t _-1_2, the_ .......

illluminated height of the objects woul, be jus_ one half the free opening of

the lens. To be sure, the width can b, consid@rably enlarged; it is almost
30 isolely dependent on the width of the i lumination surface L and at t = 1/2

:would be half as large as this width.

Just as suggested for sd_lieren _ethod number 1, an enlargement of the i
• ield of sight for stationary or slowl changing phenomena can be achieved by 1

_5 _echanically connecting the edge of th light surface and the schlieren I

_iaphragm and moving them so quickly t]ata stationary impression is made upon]
the eye. Caution must naturally be adised in regard to keeping the connectioq
%f both movements very precise if the :ensitivity of the equipment is not to |
_e worsened. If this precision is rea:hed, the Toepler arrangement for restin_

_0 -and slowly moving objects _s complet_l' equaled and the large concave mirror or
• he large dimension lens, which are absolutely necessary for the Toepler ar-

:rangement, can be eliminated.

Before adopting a mechanism of t]

_:, :applying the Toepler method Is availab
-sibility that schlieren method number

'- lFor more details see p.._29.

Even

_is type, even if no large optical for
e, thought should be given to the pos-

might be the proper one.

H_5

........ !

rr
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_-dividual fields of sight are i_ conlacl
_-the adjusgment of sensitivity i_ th_

_ l-that a re_roduction of the schlieren el
_-guarantee_; this may probably be ach_e_

i-9. $chl [_ren Method Number 6: The Tm

_: _ The Toepler schlieren method is

................ i..................

A disadvantage of number 4, comp; red with number 5, is that the in-

, They may even partly overlap and

dlv_iual fields may be different, so
! proper brightness is not inune_iately
'ed_easier with method number 51.

_pler Arrangement

[ifferent from arrangement number 5 by
_-the fact that another optical system is used to reproduce the schlieren and

_-that this second system can be arrange_ directly behind the schlieren dia-
_phragm. Since then lens 0 (Figure 10)Ino longer reproduces the schlieren, it

_is also possible to make the segment t

15 _sensitivity.

_- This arrangement is shown in Figl

_-produce light source L which must agai]

-order to achieve this, it is most prac
-of the actual light source. II_c_e£e_,

_it will be sufficient to reproduce it
!-image the reproduction of the light so

_with the aid of a diaphragm; the illum

= 0 in order to attain greater

,re ii. Now, lens K serves only to re-

be sharply limited on one side. In

:ical to produce an intermediate image

_s_s_r,_,g., in using an electric spark,!

[irectly. In making an intermediate i

irce can be restricted to any degree l
nating surface can also be reproduced !

-on a larger scale. Care must naturall be taken to see that the aperture of

L-the illumination system is at least th same a_ that of the schlieren arrange- i
?_ -ment. It must even be larger by a def nite _mOun_,if the light source has a i

_1_FYffi-te,-la_-d_alexpansion mid de-p-e_e-£S pl_ced U_o_-_-ifo_----I_-Tll_-

_nated field of vision for the purpose _f possible quantitative evaluation.

The lens K is called the "schlieFen head". This must fulfill two basic
3,_ _requirements :

- i. The schlieren head must have

-the useful field of vision depends upo

_5 -
- 2. The schlieren head must be o

-possess any original inaccuracies in 1

-concave mirrors) which lie in the orde
-the schlieren to be made visible.

as large a diameter as possible since
its size.

f good optical quality; for it must not

_ght refraction or reflection (with

of magnitude of the deflections in

_0 - K .-•

i

_Figure I1. The Toepler Schlleren Hethtod.

_ f-r _SU_ aS those used for astronomical_pq_poses,
|

If a lens is used as a

schlieren head, it must be ad-

justed as well as possible from

a spherical and chromatic point

of view; the glass itself must
be free of schlieren and bubbles

for all local defects can be

seen in the field of vision.

Long-focus telegraph lenses,
are =ost suitable. It would be

L•___J
Roman
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i-best to use them in a rectified condit_ on if two similar lenses are arranged

_so that a parallel path of ray_ run_ b_tween them. In this case the lenses !

_-can simultaneously serve as thel_nd :dr a space in which the phenomena under

_ _investiga_ion take place. I
C_v ,_ P,-_, 7:t'," .

_- It _ay be suggested that a _ron_- Coa_eZ concave mirror be used _s a

_schlieren_ead instead of a lens; the rlirror has no color defects and! 1
_schlieren inside the glass have noeffeq:t upon the optical quality ; finally, I

_ !-concave mirrors can be produced more e;mily and cheaply than lenses of the I

&same diameter. It is possible to arrange a concave mirror in a number of w_ t
_In general, a construction like Figure:12 cannot be used because, in the first

_place, the construction of light sourc_ L interrupts the uniform illumination I

_of the image field, and, in the second|place, this arrangement produces spher-I
-ical defects which are too large for reproducing light sour.e L at the place
:of schlieren diaphragm B. A concave m_rror reproduces from midpoint to

_midpoint with no defect whatsoever. The possibility of using this

_-aplanatic reproduction is provided by che so-called "coincidence method",
_which was first described by Hans Boast[60 ] (Figure 13). With the help of

_condenser C, light source L* isC_r_e_._ _tcc_Zhe front of a plane mirror lo-
_cated almost exactly at the center of Curvature of the schlieren concave mlr-

vror. From the plane mirror the light falls on the concave mirror and is
_reflacted back to the plane mirror. A_justment is carried out in such a way
_that after the reflection the image ofithe light source is shifted to the de-

_-gree that the edge of the mirror functions simultaneously as a schlieren dia-
-phragm. The advantage of this method _s, first, th,a_t the concave mirror is
_-r-e_Tly used-_n t_e--i_st optically- _-o-_le wa_ _d;-Se_----d:-,that _e a_r-_-e-

i-ment has high sensitivity since the light rays!go through the object twice;
_thus the light deflections caused by the schlieren are twice as larg e as with

_a single 1Rght penetration. Naturally'_ if the angle of deflect'ionofIt-he .....
_: :_chlieren _ssumes too high a value, th_light falls onto another part of the

-object after reflection on the concave_iYror. Then the angle of deflection

-of the light rays is no longer dependedt merely upon the particular location

-.Of the schlieren. In this case the schlieren image obtained is no longer

35 -.conclusive. ]

K

kO

Not Very_Figure 12. Possible, But Figure 13. The Coincidence Method.
_ _-Suitable, Arrlmgement for Using a Con=!

_cave _irror as a Schlleren Head. If a very sensitive schlieren
I arrangement is necessary, it may be _,

| suggested that light be directed _I

_,_ Lthrough the schlieren several timesNkfi_tead of once or twice. For example,
-two concave mirrors can be opposed in __uch aw__ay_ that. thei r midpoints .....

EE_ F ]
Even Roman Odd
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i

_-almost coincide. Then proper adjustmez t can direct the light through the

_schlieren four, six or more ti_es. •Thi S. arrangement has been constructed by
_the author. Sensitivity-was re_iy _ihq _bhs_ed to a considerable degree, but
_the compl_te adjustment is very delicale. Vibrations in the room anc_ currents

5 _-of air ar_ noticeably disrupti_/e, p I

- The st profitable arrangement !or using a concave mirror as a

_-schlieren head is shown in Figure 14. The illumination slit and its image

I!_',_are both at the side of the center of _urvature of the concave mirror. The
i-schlieren is located in the reflected beam and far enough from the mirror not

_.to disturb the incident pencil of light. For this reason the complete open-
_ing of the concave mirror cannot be usqd.

/31__9

: l

K N

_ _-Figure 14. Schlleren Arrangement to
.... -Use a Concave Mirror as a Schlieren

3o

' Pict.re Point_

1 1
3s I\ Ill_lll_1 IB_ J

-Figure 15. At the Sagittal and Her-

_,0 -idional Picture Point the Image of a
-Point Shaped Light Source is Pulled

_Apart In Streaks.

45

As presented here, the re-

flection of the light source

takes place by means of an oblique

beam; for this reason astigmatic-i

image defects occur. However,

_,_JrChey have no essential influence,

since this only concerns the pre-

cise reproduction of the straight i
boundary of the light source. A I

shift o= the light rays parallel I

t_ the diaphragm edge has no I
effe_,.,) For this reason the t

c_ted according to its orienta-

tion in the sagittal or meridimal

image point of the light source

(Figure 15). Another requirement

is that the edge of the light

source with the straight boundary

lies exactly in or perpendicular

to the plane described by three

points: light source--mirror

center--light source image.

Otherwise no sharply delimited

edge of the light source image

will appear. The diaphragm edge
must also satisfy this condition

and run exactly parallel to the

edge of the light source. If this

is not the case, narrowing the
diaphragm will not produce uniforu

_- _ brightness in the image field be-

t cause, as a result of _:he astig-
=satic defect in the light source image_ the two sides o£ the light ray still

_passing through the schlieren diaphra_ do not contribute equally in lighting

_0 _all points of the field of vision (N_Hlce IS). Thus, I£ the schlleren diaphra_
- ) ......................... !

,.TL
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__operating in the meridional image poin_ has a component in the direction
_proper for the sagittal image _oint, t_s component will affect the brightnes_

_-in the image field in the same-g_/y a___he _lack of a schlieren diaphragm in

!-the image_lane of the light source (see p. 231). From this it follow_ that

_the schli_ren diaphragm must h_ve a _e_/ txa_t straight boundary. I_the

_-aperture _ narrowed, a micros_a_l_saWL_'oothed appearance would,reduce

i--afield o_vision crossed by dark and _ight stripes. |

The smaller the distance y is (F_gure- 14), the less will be the effect

i-of a spherical defect in an oblique beam on the quality of the light source

i-image. For normal equipment sizes wit_ a mirror radius of 6 m, a diameter of
_30 cm and y = 50 cm, the marginal rays suffer a displacement on the schlieren

!_diaphragm on the order of magnitude of 5 _ (= 0.17"). This is about equal to

15 _the limiting value of the schlieren se:

It is often necessary to deal wi

_in a parallel path of rays. The appar
:ing with concave mirrors. The object :

_ hrors. It could be thought at _A_aZ ah,

sitivity of the apparatus (p. 339).

h the phenomenon under investigation

_us shown in Figure 16 is used in work-
s located between the two concave mir-

th# greater the distance sk of the i

_ schlieren
from concave mirror K2, the greater the sensitivity. However, this I

_is not the case. A thorough optical c_mputation shows that displacement Aa',

Lcaused by a definite angle of deflection E on the schlieren diaphragm, is com- I
2!, _pletely independent of Sk; it is I :

- _a' =e./'
= • (7)

!

.. _In reference to the spherical aberratiln in the oblique beam, it is advantage-

_ _ous to place the light source and the _chlieren diaphragm, as shown in Figure
_16, on different sides. F Weidert and|Stroeble have found by computation and
_. Czerny and A. Turner I have found by|testing that the asymmetry in the mer-

_idional segment is removed when the light source and the schlieren diaphragm
_are on opposite sides; in addition, wi_h equal focal distances of mirrors, the

35 _tilt angles can be made equal in size.|
!

I The schlieren diaphragm must behocated within the image of the light
source. If this is not the case, no u_iform darkening of the field of vision

-will occur when the schlieren diaphrag_ is narrowed. Determination of the
:+0 _side from which darkening comes first gmmediately indicates the direction the

_schlieren diaphragm m_st be moved. When the spot is found where no more un£-
_lateral darkening in the direction of
_phragm must be turned in its plane in

.until brightness is also equally distz
_5 _-it. Up to here we have only discussed

_llne boundary and a schlieren diaphra_

_the light deflections in the object pe
_diaphragm are made visible as brighten

_ -_Ig. f. P_e_k, Vol. 61, p. 792, 1930.

:he narrowed diaphragm occurs, the dia-

:he presence of astigmatic-image defects
Lbuted in the direction perpendicular to
illumination surface L with a straight

m with a straight line boundary. Here

_pendicular to the edge of _he schlieren
Lng or darkening. The object appears as

Even

15
Odd
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 _if it were illuminated from one side (_.g., the schlieren image of a burning

_candle (Figure 17). -, _ _

i • • I I_

_, Z _ With the help of __ per-
' - :: z ___ forated diaphragm, it _s also

Kt possible to give the i_lumina-

tion surface a circulajr form
and also to use a circular

1C {ii iii/ " schlieren diaphragm. In this
__,, " - • direction woald become visible

g' i in the image as changes in
' brightness. However, this

image is ambiguous because such_ /322
15 _ exposures provide the extent ot_ --

_Figure 16. Schileren Arrangement Usin¢
-Two Concave Hirrors With Parallel Pene _

_tration of the Object.

L]ovc r Pa(

Ltent is to be determined. If a concaw

light deflection but not its
direction. This arrangement
is still appropriate if the

,_ _a_rcedirection of light deflection
is fixed on the basis of other

conditions or if only its ex-

mirror is used as a schlieren head,

Even Roman Odd
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_Figure 18.

_03_ casts an enlarged image from the intermediate, image of the schlieren onto

Vthe ground-glass or photograp_@_i _J_ desired enlargement can be ob-

I I

p - /b/_ .

I ,, - "<_-_._-__ ' I/Scale _ ///7 ¢'

_- Observation of the Process

Optical System With an Int,=rmediate Image Instead of a Line With

Long Focal Distance. Cover P;_ce Source

20
In investigating an object in a ;tate of change, e.g., a thermo-

_hydrodynamic process, it is sometimes [esirable to take a photograph at a J
_particular moment. To do this, continu )us observation of the schlieren is J
_necessary, even if a photographic plat_ has al_eady been inserted. As can be J

25 _seen from Figure 18, this can easily b_ achieved _,_:asting the intermediate /

zmE_-_-_e oF-fli-6-objeCt--t_rb-u_h_an index p_a%_--ont,_ a_Ia_era--Ily _rr_e--_--grb-_-.d=-_

glass plate. / i

30 i- Sharp focus on the ground-glass
-of test object. The use o£ light diff

-objects is very suitable for this, as

- In dealing with processes of ext

35 -distance the focus should be set for.
-the best answer to this question. For

-diaphragm, nothing could be seen of th_ schlieren, because projection through

-lens 0 or(Ol, 02 and 03 ) makes sure t_at all beams o£ light originating from

-one point in the object, no matter wh_ their direction, are again collected
&0 -at the corresponding image point. A _ack of schlieren in the object on the

-ground-gl_ss plate is the criterion for correct setting without a schlieren

diaphragm. In this way optimal settin_ is found for spatially extended pro-cesses.

a visible without a special_chlieren diaphragm by using the mount-
:ing of the image-_orling lens 0 as a _chlieren diaphragm. I£ for some reason
_or other a regular schlieren diaphragq is not used, e.g., if an electrical

'.'spark serves as a lisht source and _k_s a different direction from time to
50 :time, a solm/hat blurred adjustment *_the object on the ground plate can be

!

I

I?late can be obtained by using any kind

faction occurring at the edges of solid

lescribed on page 330. I

reded focus, it is still not clear what

The testing apparatus itself provides

, i£ we completely remove the schlieren
/323
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L-intentionally accepted; however, precise adjustment of the schlieren is al-
_.-ways preferred. _ I

_, i..'0. MeasUrement of Light Deflection W_th the Toepler Schlieren Hetho_ i

The lillumination strengt_°'E_r o_epTo_Cin the image field of t e objec

_-depends n_t only on surface brightnessJB of the light source and of the light ]
_losses (designated by the factor n), b_t also on the magnitudes f', r, t', a', I

C i-b' and cos w* (Figure 16) in accordanc_ with formula i
V- , , , !i /-t-rg. ab

E* =_/_ --,-- _-_-, cos4w *_. Lj .......

_where a' zs the dzstance trom the edge[of the schlleren diaphragm to the
i sharp edge of light source image L', mid b' is the width of the light source

5 _image. Let it be assumed that an arr_gement with two concave mirrors K1 and
i • .

_K 2 (or two lenses) with a parallel pat_ cf rays between them zs used for the

--following derivatives. In this way. _h_ sch!i.e.ren diaphragm is located at the

_-focal point of K2 and the object is located between K1 and K2. If an :arrange-
r-

i ment as pictured in Figures 11 or 14 iS used, it is obvious that f' is to be

Lreplaced by the distance between the s_hlieren and the schlieren diaphragm.
i_If errors up to 1% are acceptable, cost w* = l_can be inserted up to a total

25 paperture angle of 8 ° and _ in the presence of f' can also be disregarded.
L,Thus we obtain J

F-_......... E* =_ 9-/_- i (9)
I-- I

_If now the light for a definite point _f the schlieren is shifted by an amount!

30 _a' perpendicular to the edge of the s_hlieren diaphragm,

E;.= E* + _E* = _2_ i,¥ (a' + Aa'). (10)

35 _a' is further described by

P (7)

ihO -

here ¢ is the angle of deflection of _ point of the schlieren in the arc and' is the focal distance of the schlieren head, so that

P

F _-- n_b'/'--' . I'' (ll)

_i.e., the angle of d_flection s at onetPoint of the schlieren, up to a constant!
_unount, is linearly proportional to th_illumination intensity in the image of

:/he_ point in question. An absolute ......._urement of the brightness in the image

50 __lSe e [102]. '.... i
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:-.and an evaluation according to equatiol I (11) would be quite involved and too
i-inexact, especially if a photograph had to be taken of moving phenomena. It
i . • " • _'a' _ r_ , , _ i_ . ,_is more al_proprlate to project x_to _1_age fleld a 'standard schlieren" of

!-which the[deflections at individual points are known on the basis of _revious
_-calihratidn. Then a comparison of dar_enin_ in the object and in the|standard
! • Cove q:r6, e I _'1 . . .

!-schheren_how up on the photograp_ an_ 4t_e _eflectlons e are ,mmedl_ely
_-provided.|In this case evaluation is _ad. most conveniently by using! a re-
,cording photometer. |
!__ I

i

_0 '- A planoconvex lens of very small 'curvature is appropriately used as a

_standard schlieren. Under all conditions it.must be located in the parallel

!-path of rays for, in the converging be_ of light, a plane-parallel plate
_-would immediately cause a shift in the

i< _(d = plate thickness). As a result of
_-be located at the right spot and would

_-ing of the field of vision within the

- The focal distance F of the bico

-must have a value such that theo4e£1_

i-larger than the largest deflection in

_falls on the lens 1 cm away from the o

E = I/F (F in centimeters); the corre
i 0

image of the light force by about d/3

this the schlieren diaphragm would not
consequently cause a one-sided darken-

_tandard schlieren.

Ivex lens used as a standard schlieren

i&o_oo£c_he marginal rays is somewhat

:he process itself. A light ray which

)tical axis is deflected by the angle

;ponding deflection at distance 6 from

!-the axis is 6/F. Deflection occurs inlthe dir#ction of the optical axis.
_= . . • . • • .

"_c EDependlng on the nosltlon of the schllbren dlabhra_m, deflectlon is considered

:Lam-anly one certain_direc_an ............... ___
i

Let the absolute deflection at p,

19) equal eoX. Since deflection incre_

_-the_- optical center, the absolute defle

55

40

45

50

If the deflection at P is to be determ

components in the x direction are to b

• x/cos ¢ • cos ¢ = _oX, i.e., the def

fat all points with the identical x; aclines x = const have a constant bright
lines of constant brightness b_ design

I the standard schlieren are straight li

diaphragm.

! ,Figure 19. Resolution o Deflection
II II

vin a Standard Schlleren . NAS

V

)int P _f the standard schlieren (Fig.

_ses linearly with the distance from

:tion at point P equals e0 - x/cos ¢.

ined in the direction of the x axis. the

taken from this, and therefore e0 "

ection in the x direction is constant

:ording to this all points of straight

,ess in the schlieren image. Let the

tted as"isophots". Then the isophots of

ies parallel to the edge of the schlierer

The absolute value of brightness in the

schlieren image depends also on the light

losses in the standard schlieren. If only

the '-th part of the incident light is

transmitted by the schlieren, the brightness

in the schlieren image of the stand-
ard schlieren is:

Even Roman Odd

/325



2O

25

30

35

40

45

5O

/ Q

L_ ' y "\

i_ E,-=_,.,1._,u (a,+_o._./'). '• t (12)

L-Therefore_ for two points in the sch_i re_,. i_age of the process i_,q_stion

/ XI

- I ."+_r=,,:,_."+,,,r).
_-- " $4_0 X--

- " / " I'

-is valid. If the x, for which th_ same brightnvss is :present as in the

-outside field of vision (Xo), j.s foun_ in the sc_hlieren image,
!

r-

Lwhence

_inserted in

I

r

{13)

r

t 4_' -

0 = _ Eoxo-- 7'- (t --'79

a" Y/

-/,-= _ _o_o
I

• i

e -- _'_o x "-- t_J_'_, % Xo (t --'7'),/

= _' to (x-- Xo).

"- On the basis of this equation th,
-one point of the schlieren is found in

-of the standard schlieren, which has t]

-,of vision, is determined; then positio'

-exhibits the brightness of the point i!

-Then x - x 0 is multiplied by the facto

-characteristic value of the schliersn;

-for e (Figure 20).

/

(14)

value for the light deflection e at

the following way: first position x0

te same brightness as the outer field

x in the standard schlieren, which

question in the process, is found.

r n'eo, which can be taken as the

the product prm_tdes the value sought

III.

one

The Sensitivity of __he Toepler Schlieren Method

In the previous section we dedu_d that the illumination intensity at.

image point of the schlieren has t_e following value:
i

E* -{-A E* = _" "._"-_.ia % _/'). (lOa)

-IHere it is presumed that no _bsorpltAS_t takes place in the schlieren itself.

-This is not always the case, e.g., in_olloidal solutions.

[2_______ __]
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-Here £* is the normal illumination intensity of the image field, and AE* is

-its modification because of deflection _ one point of the schlieren with
-angle of deflection E. Since q'lgB _il, _ 6an be considered constantsi,

I

C AE* = const. -f,T "e (!5)

i

I
!-- proportional to f' and
r- J_versely proportional to t' "j

- :or constant e.

P " lk-This means that in order to obtain a i rge absolute modification of brightness

}-f' must be made as large as possible aid t' as small as possible. If, at the
_same time, it is required that the siz_ of the image of the schlieren be equal

L-Iy 'arge in all cases, the following c#ndition applies, under the assumption
htl,at the object is located near the second concave schlieren mirror (s. -_ 0)"
i _ _ K "

i _ _' =- const- _';

: (16)

2_

3O

35

40

I

,i A _* = const • T'
,.. •

5e--c3ios en

L

• - ;.%,. .

P

bFigure 20. Schlleren Exposure of

!-a Flying Projectile and Simultaneous
_Projection of a Stanclard $chlieren.

i:(From VOI-.Foz,eoM-tte$%, Vol. 36'7). NpS[,
F

1

(17) ;

as _ a 1 y -_ -p-_ s gx'b-l-C.- _
|

The _solute modification of brightness in

the image of the scb.lieren, just considered, is
important if the image of the schlieren is not
seen with! the eye or photographed, but is recordec

with the _d of a photocell. Then the possibil-

ity exist_of compensating for the steady cur- I
rent causad by the brightness of the field of

vision. % practical example of application, I
where an arrangement of the type in question
occurs, rezearch on the mode of osciilatioR of

a membran The membrgne is coated and the para-

llel path of rays between both schlieren heads

are allow_d to reflect on it. Every deformation

of the mxrror surface, which is perfectly plane
,at rest, _ill then act as a schlieren. The angle

o£ deflection e is twice as large as the angle of
inclination to the surface at the

point considered.

Shifting the photocell in the
schlieren image and recording the

L .................................
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_-photocurrent pasily provides the mode Of oscillation of any individual point
'.-ofthe membrane. _ L.

% {

Whe_ the schlieren image is obse_ed by eye, the absolute modification
'_i Kin brightness AE* is not the _ost i_oftanr consideration; this is th_ AF.*/

ratio  ober-Fechner OLD),this is" |
- | • ._
- : AE" r "

"_- = _; "_. (18)
0 T

In order to achieve high sensitiyity in this sense, the fraction f'/a'
:must be as large as possible. This ca$ be achieved by making a', the width

_of the beam of light bypassing the sch_ieren diaphragm, very small. The fol-

_Iowing reasons oppose making a' arbitrarily small:5
T

: I. Light diffraction, which becomes noticeable when a' is too small,
_ results in a blurry image of the items in the object and an uneven distribu-
:tion o£ light in the image field. Thi: is explained in more detail below.

2_ _- Cover P_<- _,'_,_,_:_"

_- 2. The requirement, that light Leflections in both directions be made
_visible and that both brightening and iarkening occur in the image field of
_the schlieren, demands a certain minim _ size of a'.
i

.... _: If we let ema x be the greatest d,.,flection causing darkening, a' must at

.'-:_,,st be-..equ_l to ¢-m-ax • f' ........... J.- i ' 2, ir i ......................

, If this is introduced into (18),

_- AE* l" ,.e !
L

_i.e., the relative sensitivity of the _chlieren arrangement in meeting this

_ _requirement is independent of focal di _tance f'.

|_.5 In observing with the eye, i is nice to have a definite minimum

_brightness in the field of vision independent of the requirement just des-
cribed; this also leads to an a' which should not be lowered any further.

Z,O '

Here is a numerical example of this:

'_ Let an arc lab with a light density of 15,000 stilbs serve as a light
_source. I0 lux • I0 -_ phots are required for the illumination intensity in the

_'_5 _ieage. If a format 9 x 12 ca is to be illuminated, the use of a concave mir-

-ror of f' • 6.$ m focal distance and -_0 oa diameter .as a schlieren head pro-
-duces a value of 212 ca for t'. Let the width of the light source image be

:-1 c_. The light losses should abount to 50%, i.e., r_ • 0.5. If this value is

_. _tnse_ted into equation (9), then NAS
I

J
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!_ _whence

r--

_! ..................................................................

t5_ .t ,
40 -_ _ 0,5" - 2i_- a ,

I

|
r .... r__j_ i _ . ! ._

a ° =6- tO-Sem = 60/*.

i- [ " .

!0 _-For this value of a t, as long as thereJis still visible a modification in the

_ratio of AE*/E* of 5%, the smallest detectable angle of deflection e comes

] min
_-from __l___

i _ = _" _u (18a)_SV

_and, with f' = 650 cm and a' = 6.10 -3 ecomes

A E* a' 0,05 • 6 .'tO-S
?0 _- e_i.-- E* '[_ 650 --0,46 t0-%

_ -----0,22sec .
i
L...

_'- !

i

The brightness increases with th, _ width b' of the light source image
30 _(see cf. equation (9)). This depends )n the extent of the light source. In

_the example above b' = 1 an. If consi |erably more brightness is necessary,
_e.g., in order to illuminate a large p :ojection screen, the light source in L

-can be subdivided by a suitable lattics diaphragm into several superposed

35 -strips. In this case the schlieren diaphragm should also be replaced by a
_lattice diaphragm (see cf. p. 314). The sum of the individual width of the
-strips of light in L' produces b'. Ho_ever, if the deflection at some points

-of the object is larger than the free opening in the lattice diaphragm, the
-illumination intensity of the image field is no longer proportional to the de-

40 -flection. More details are given in §13 about the use of an arrangement of
-this type to measure light deflection. I

. Let us ask the question of how t_e focal distance f' should be chosen

_in order to obtain maximum relative sensitivity of the equipment with a con-
_: -stant illumination intensity in the image field and constant image size.

!
- Valid for the illumination intensity _.* is
- I

:),___ E*=const. •

,'-- [ ....................

Even Roman Odd

/328



•r

J

• -- '7

J

_-The relative sensitivity is then I
[ .

,_' f A E* - ._

_- ] /_,_ -- const .

:,_In order _o maintain constant image siie , it is necessary that

r- ]' = const, t' .
i0 _- "

p.
_ (assuming that s k is smaller than f').
!

_- Then

-A E* const • _.! 5 _- _ = const --

!-This means that if a constant illuminal

Lconstant image size are required, the
2_ _the schlieren head must be ch_e_etoPa

(Ig)

2_ bhead must have a certain minimum diame

_the schlieren diaphragm, increase. If

_spherical concave mirrors are selected

_in projecting the light source could e
30 _deflections e under investigation. In

_unusable. In reference to the image d

_keep the proportion of opening as smal

_focal distance f' is selected as large
35 !

- In this way we hzve recognized tl
-size of focal distance f'. These were

- Case 1: f' can be arbitrari

40 _- Case 2: f' should be as sma

- Case 3: f' should be as lar

(16)

(20)

_ion intensity of the image field and

mallest possible focal distance f' of

_i_ver_igh relative sensitivity.

However, the following point-of-,Jew also plays an essential role in

_deciding the best dimensions for a schieren arrangement: the object under

_investigation has a predetermined dimension. _Fo_ this reason the schlieren
:er. Ifithe focal distance f' is se-

_le_d as very small, the proportion o! the op_ni_4_ecomes corres_e__pn_dingly

_large and with _t_ i_ge defects, f ,und in _roj_ting--t-h-e-light sourc--e-onto
f' is too small, e.g., if one or two
as a sc_lieren head, the image defects

[ual the order of magnitude of the light
this case the arrangement would be

_fects, it would be most favorable to

I as possible; this is the case when the
as possible.

_e contradictory requirements for the

-How can a schlieren head be chosen wit

First of all, the given dimensic

-If this is larger than about 30 cm, wo

,_pherical concave mirrors. _.e propor

-and the focal distance so large, that

50 _dlaphragm by the image defects are _6_

.y chosen,

11 as possible,

ie as possible.

a compromise among these conditions?

of the object determines the diameter.

rk csn be done practically onIT with

tion of opening is then chosen so sinai1,
the shifts caused on the schlieren

_what smaller than those caused by the

Even
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i-still invisible deflections in the schiieren, f' need not be larger, but

_must not be smaller; in this w@y ca_es I_.a_d 2 are compromised with each

_other, anI at the same time tak"_9_ca_e_ if' tease I. L

r Testing the diffraction phenom_ni dpscribed in the next sectio_ still

i-h_:_ to demonstrate whether the_<e'at'e%"_Csen_l_£ivity required can eve_ be

I- Sensitivity and the sensitivity _oundary will be discussed in more de-
!0 _tail with an example at the end of these considerations (p. 337).

_-12. The Diffraction Phenomena Occurri
I

L In the object space are found too:
15 _light coming from light source L at th_

_rays go in practically all directions

_ing edge and lie in the direction of tl

_light partially goes past the schliere

20 ,'.,-completelystopped down. Now,c6_ceP_
_at the corresponding image points all

_in any direction, the edges of all obj

L-to the schlieren diaphragm must be cir

_21a). This kind of diffraction does n

_ .Lschlieren, because the diffraction mar

" i-opaque bodies.

i '

i :i 'j

hFgure 21a. Diffraction Margin at the
r-Contours of a Rifle. The Direct Light!

45 Vis Completely Stopped Down,

,.=

-defects of lens 0 (in addition to part
,-located, between the object and the sch

_._ =circumstances measurement of the wiH_

vto determine the projection de£ects o£

,g in the Toepler Schlieren Arrangement

;tly opaque objects which diffract the

_ir edges, i.e., from their edges light

'hich are perpendicular to the diffract -_

_e light. Therefore this diffracted '

diaphragm, even if the direct light isl

_forming lens 0 again assembles

_f the light rays coming from the object

;cts which are not exactly perpendicular

:umscribed by a bright margin (Figure
,t interfere with visualization of the

in lies iright at the edge of the

............... ; 5 t /

I

This phenomenon is very well suited

_or focuiing the schlieren sharply. If

slit is used as a light source and if

_he direct light is stopped down in the

bosition of the schlieren diaphragm by
special aperture, so that the aif-

_racted light passes both sides of this

aperture symmetrically, all edges will

)e circumscribed by a double margin as

long as the ground-glass plate has not
)een sharply adjusted for the object

[Figures 21b and 22); the margin is

_ingle only if the focus is very sharp.

This adjustment is so sensi-

tive becat_e the image-forming line

of light in the object space is to

be considered infinite.ly narT-ow.i_

Its width in the image plane S' is

only conditioned by the projection

of the schlieren head, if this is
lieren diaphragm). Thus under certain

_,of the diffraction margin can be used
lens O.

F-- E ]
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_Figure 2lb. Double Diffraction Hargin
_-at the Contours of a Rifle With the

_ PSetting of Figure 22 I or IZI.Eover Pa,
b--

;-

1

The openings of the diaphragm i
!(F_gure 22) must be wide enough for the
dlf_raction occurring at the openings

:to have no effect. However, it is --
very. _llustrative to indicate _he re-

_r_ti_n of the light which ha_ already
been diffracted once. For thi_ purpose
monochromatic light must be used, one

slit in Figure 22 completely covered
and the other almost closed. Then the

multiple diffraction maxima shown in

Figure 23 are obtained from the con-

tours of the rifle. The primary dif-

fraction at the edges of the object
eliminates the need for a narrow light

slit otherwise required for such
a diffraction image.

e $_urce In addition we should con-

sider the sharpness (caused by
the diffraction phenomena) with

L ___J l O ... which the edge of the light source
L- in,the position of the schlieren

L._ _ ..... . - diaphragm is projected by light

-_S p ___- ra, s _,_,ected by schlieren in the

_ __ f i in Figure 24 along segment z

I

3o
_FJgure 22. The Diffraction Hargin

_-Can Be Used for Sharpening the Image.

_-L', Image of the Light Source. BI,
_-Diaphragm Which Cuts Down the Direct

35 _Light but Allows Two Symmetrical
-Pencils of the Diffracted Light to

-Pass Through. The Hargins are Single
-Only in Position II, and Double in

-Positions I and III; cf. Figure 2lb.

_0 -

there should be a region with an
altered refraction index which ex-

tends from the center of the image
field to the bottom margin; the
refraction index should be con-

stant in the light direction but

become perpendicular to it within

a segment dyby the value dn. If

we assume that dn/dy = constant

within this area, the angle of

deflection for all rays passing

through this region

#_ (21)
= #" d_ = const

45 -(See §19 for the derivation of this).

In this way two images, L' and L_ from the edge of light source L,

_appear next to each other in the posit_on of the schlieren diaphragm. Image
_L' is produced by light ray_ which dolnot go through the schlieren while L"

50 _only by light rays which go throughNt_ area with variable n.
1 I
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V -. . -_<_,_: ..... . •. _,_z_v" .

_ _-'. _:-- ..
l,. :. "=-',-.": - ". ,-

_5 _ L...... ..- ...... ................. ,".:._" - .i,......;,]',,

_i_-T-_-re 23J-UI ffi=a-ci-l-on_f-L-ight fll rea, ly -
LDiffracted Once at: the Edges of a Rifl_

t-by a Slit in Front of the Image-Formin!

i-Lens (Negative for the Purpose of Bett_ r
30 _-Reproduction), Monochromatic Light,

35

4O

(Numerical example: X = 6-10 -_ ram; d =

hand then u = 10 p).

' ...... o e. <,oI------- ''-- i_£:_-'<........" " -" ......" '-'- ...... -." _ "-";_<_ No

-- _ '_ absence of geometric and optical I

projection defects, is i_eal be-i

cause o£ diffraction phe_omenon.[

If the monochromatic lig_t sour=._
_ _ were an infinitely narrow slit

perpendicular to the draNing

plane, distribution of brightness

in image L' would have an appear-
ance like that of curve I in

Figure 25. The distance of the
first minimum from the center of

the diffraction image is equal tc

O.61-Xf'/d (£' is the focal dis-

tance, d is the diameter of the
schlieren head and X is the

length of the light wave). How-
ever the light source is an ex-

S°urt_nsive illumination surface with

a straigh'; boundary. Now it is

important to know how steeply the
increase in brightness rises at
t_e edge of the light source

, This can be found out by|

produced by every point of I

ght source, since the in- I
dividual points of the tight I
source are not coherent. The re -!

sult has been plotted in Figure
25 as curve If. This shows that

-almost the entire increase in brightne is takes place within an area 2_d/_,_ =
-= 2_, i.e.,

•, = 'i" (z2)

thus Cu is the angle at which the fuzzl.ness_ of the edge appears in the image

-of the light source from the object. _'L_e fuzziness u of the edge of the light*
-source image itself is then

F" , • _../,
{' "= _ (22a)

5o __ r,IAS

Even Roman
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;--Figure 2/4. The Object is a Plane-
LParalle1 Plate; In the Upper Half

_-n = const, In the Lower Half

_dn/dy = const.

...... i .......................................

i If we now transpose this result to
th@_arrangement shown in Figure Z4, we

:_ £ntroduce the width of each _f the tw(
light pencils for d according to_ize.
_hts £uTnishes the sharpness withl which
t  ' e gek of both light source i ges L'
an_ L" are bordered. It is stilll possible

to shift the two images toward each

other by a value which amounts to
times the sharpness of the edge

(therefore by Cu = C k.f'/d). In
order to decide which value factor
may have, let us first consider the
case in which a schlieren of dia-

15

20

25

3O

35

40

_5

5O

I

I

, 14----J _--

i- ._ I
o rl

I_ ---- ---L4-r--- --- '

L -_ -/ -_ -_

k.

N --

-Figure 25. Diffraction Image of a
-Slit (I) and a Straight Edge (II)
-Projected Through a Circularly
-Described Lens.

meter d is located in a very large
field of vision. In this case the ,

edge o£ the light source image pro-
jected across the schlieren-free

r Pa_e _eof vision is practically

arbitrarily sharp, while the edge

projected over the schlieren is blur- I
red by an amount u = lf'/d. Now if

the schlieren diaphragm is inserted

in such a _ay that the schlieren, 1without  ¢raction,wouldproduceal
........ mbdifi_a£_i_ in--b-Y_ghtn-_-s-_ _-ti-me-_

the bTightness of the field of vision
(i.e.i a.a' = _'f'), we can see from

Figure 26 that the presence of re- t
fraction causes practically no alter-i

ation in the brightness ratio as long I

as fuzziness u < 2(¢.f'/a). Then we !
may directly get

..- _. = 2.'J"

I
Ii.e.,

'_Thus the factor would be

:If, for example, the schlieren causes taa • O.OS, _ • 0.025.

Vr- NA_

= -_.-_ = -i • =..

I

(23)

(23a)

(2_b)

variation in brightness of 5%, i.e.,

E--]
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Curve I: Distribution of

i Brightness in the Image of the Light
_Source ProJected Over the Entire

_Schlieren Head (Practically Without
!5 [Diffraction). Curve I1: Brightness

_Distribution in the Image of the

In this case, then, the blurring

_l,:,uE can he 40 times as large as the

fflection angle _ to be detecte_, with-

tt a noteworthy alteration in t_e

_g_tnbss distribution in the i_age of

_e schlieren occurring because pf this
£fraction phenomenon. If we forego

reproduction of brightness, a still
smaller E could be detected.

If we are not concerned here
with the detection o£ a smaller

schlieren in a large field of
vision, but with the comparison of

two equally large fields, as in

2O

25

3O

35

40

VLight Source Projected Over a t Figure 24, the ratios do not change
F*Schl ieren Without Diffraction; II t to any important degree.
[Compared With I is Displaced By the 1

'" V P ci I < c . -
Value _.f' Curve III" BrightneSs J'°L_rCeTherefore we posit the still-
_.. • =

!Distribution in the Image of the to-be-detected

_iight Source ProJected Over a
_-Schlieren of Diameter d.

(24)

-and the corresponding shift on the s_lieren d_aphragm

d '

-where _ is a factor which is essential_y determined by equation (23b). If we

i

-make _ = i, as has been done in some o_ the following examples, the limit set

-by the diffraction is considered too u_favorable. If we now solve dn/dy,
-which is still to be detected, the resblt from

!
m

F is
F

p(Numerical example:

45 _ For a)

F b)

k-

y"
L

¢" _- dy
(eq. 21)

(24a)

dm _ A
_'_7 (25)

dn
- I, >, - 6.10 -5 cm, d - cm, z = I am: _ = 6-10 -5 m -1.

dn
= I, X = 6.10 -5 cm, d = II0 cm, z • 10m:._-r--• 6"10 -7 cm-I.

NASt
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The smaller the wavelength used and th¢
the extension d of the area with valiat

_able dn/d X.

F_ _
• i- Sin e dn/dy was assumed _o be _:ol

_it if An CanS the difference ._V_e'

_sides aridly means the width of the pe:
_-equation (24) for d,

_-whenee
5_

7

larger the depth z of the object and

:_¢ _/dy, the smaller will be detect-

st_nt_ An/Ay can also be written for

_u%' _ the refraction number _r both

Lcil. Then if Ay is introducedl into

(25a)

20 _his means that if _ and z areC_i_n_ a l_°_%ed_fference An of the refraction

[number on both sides of the light pencil concerned is of importance, The
_smaller the pencil, the larger must be|the gradient of the refraction number
tcaused by the diffraction phenomena, b', which the light deflection in question
_can just be made visible. However, th':_s fact must not lead one to believe

25 Pthat the sensitivity of the schlieren l_ethod d_pends on the magnitude of the
• . • . ° _ .rll

_dlent p_pe_l_htcALlax--t_ Zhe ligh_iirect_o$_J_o_-ab_lutely--on-_n_as___

i-is the case with interferenc_ refracto:s whichlcan be used for similar pur-
Uposes. In order to make this clear le

3O

35

4O

_-schlieren method with a constant dn/dy
-v_sion. Then the light deflection cau_
-large everywhere and in an extreme cam
-ference in the refraction number at be

-amounts to An = _-t/Z.

: uS thi_k of the schlieren in the
extended over the entire field of

_ed by the schlieren will be equally
can still be made visible if the dif-

:h boundaries of the field of vision

I

- If an int?rference refractor is _sed, an alteration in optical distance
•by the value An z is found for an alteration in the refraction number by an
-amount an. If An.z = _ , the interferbnce reading shows a shift of one in-

-terval in the interference ban_. If _t is the part of a band interval still to
-be measured, the An to be determined i_ computed by

|

A,, ¢"£" (26)

h5 _ If we make _ and _ approximately
xample, the interference method would

field of vision the value An, necessa_
_variation in brightness lies above the

_vision according to the schlieren meth

50 r- NAS

7

equal in size, and follow the above

just show on the extreme edge of the
for detection, so that for this exampld

minimal vaIue in the entire field of

, while according to the interference
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35
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t

method the band displacement everywher{_ within the field of vision lies below
_the minimal value necessary fo_s_tal_on_,_

Still another refraction phenomerLon must be considered. The object S

is projected into image p!_-n_e Sdv_r/%-_n_i O}by the light bypassing t._e
_schlieren_iaphragm. This projection o_curs practica_ly through a sl'it where
! the schli@ren diaphragm is a real edge_ while the other projection is _ the

_result of the straight boundary of li_t source L. In order to determine the
l-diffraction caused by this slit, let u_ first imagine an illuminating point

_in the object. Its image on the ground-glass plate S' would be a ligl;t shape

i-similar to that in Curve I of Figure 2_ In order to obtain the light _hape
u- " "

i coming from an illuminating surface, t_e diffraction image of the point must

_be appropriately shifted and the inten+ities added everyplace. In this way a

light distribution corresponding to Cui_ve II of Figure 25 is obtained.

Essentially the same light distr

-S surrounded by fixed diaphragms 2 gets

The slit imagined has a _h %1!

able because of diffraction, so with e,

bution will be present if an object in

its light from light source L.

e.5o_rce
wnxcn may be k-times that just resolv-

uation (24a)

TH_ new d_a_tio_-5_curri-_-fH

-in the object by an amount u perpendic
-phragm.

,,' = k._.;_-.l'. (27)

L i_,'3.._
£]_e-spl_t wYll now blur every boundary
alar to the edge of the schIieren dia-

l
L

i Very sensitive adjustment of the schlieren, at which the schlierendiaphragm is almost completel_ closed, makes this phenomenon extremely in-
convenient. A dark shadow runs perpenlicularly to the edge of the schlieren

_diaphragm into the field of vision fr_n the edges of all objects which are in

_chlieren; at the same time things out-the light path in the position of the

side become brighter. Turning the sch[ieren diaphragm and moving the edges

of the light source at the same time a_so turn the diffraction shadows. The

amount of influence which this diffra_ion has is given by
1

- " _ I', (28)_ " _ _'_.

-_The opposite occurs if, e.g., a flat _late is introduced into the parallel

-path of rays of the schlieren arrange.
-This does not cause any effect at all

-such a great band displacement with t_
-measures must be taken in order to me_

-sible to compare the sensitivity of t_
:ference refractor immediately.

_2 If necessary, this may be the mou_NZAs

_nt or of the interference refractor.

in the schlieren arrangement, but causes

interference refractor that special

_ure it. For this reason it is not pos-
e schlieren method and of the inter-

_f the mirror or of the lens.

/1__
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LInserting the value for a' from equation (27)

)
l r<a • I

, F 1 oLf-_/t "=''''''°'le """ an_ Zu disturb ' (28a)'If we mak ,' = ,, the ratio he }''(le /t', ,n which the area

_ '-'ofbrightness lies, to the vision fiel_ angle d/f' is given by

- " /'" " ! (29)

r

15 -(d' is the diameter of the schlieren _ the image).
I [

If k = I, i.e., if the mos. sensitive setting is chosen, the brightness .
-of the entire image field Js al, o disturbed by the diffraction at the i

_schlieren diaphragm; the l,_rger k is c_mpared with i, the less noticeable i

2t -wi!l be this diffraction phen_no),. ,:ie5,_J_e )
|

These considerations are _ot onl_ valid for d as the diameter of the

Uentire image field, but corresp,,ndingl_ also for d as the diameter of a singlel
_schlieren in the object.

2_ _ With a very narrow diaphragn, es_eci;.llyi if(_ke direct light is com-

-p-I_ely--_--Sff,-Tt--_an 5e obsergi;d _-£h ere_i_eve_a-I- in-th-_-b--rig_n-_

-_figh;el2g_ "t dHStwrdbo::X_hisaUSedl_Y _I decffr_I_°diPh;n:_en:na_U_hed:_ger'bfd

-the schlieren diaphragm of the light f_rning the diffraction margin and al-
30

_ready diffracted once by the edges )f the object is to be considered respon-
-sible for this (cf. Figure 2S; natueally with white light no individual

-streaks are present).
)-

35 - Let an example summarize be|o_ what has been said about sensitivity and
-diffraction. Let the focal dista_)ce ' of the concave mirror (or lens) used

-for the schlieren arrangement be -_;.l!m.

- The relative sensitivity is com:uted with equation (18). In Figure 28

40 -it is plotted for value £ = 1.939-1 ,_-5 --4 s( z. At the same tine anglo of de-

-flection £, still to be made visible, !.s givel! in the schlieren if we assume
-_E*/E* = 5%.

First let the edge of the schlieren diaphragm be 5 ms from the edge of

45 ,"the light source image. In this position an angle of deflection of 10 sec.
_still produces a change in brightness of 5%. If the schl!eren diaphragm is

!-now narrowed, the relative sensitivity is only altered a little at first; i.e.,
Uthe appearance o£ a schlieren with a definite _ (e.g., 4") remains approxi-

_mately the same (cf. the left-hand ,_pp .e in Figure 28). However, more and
5@ : more ine detaxls _oea_; for ever_¢ ust becoming visible is, according to

132 C -I
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i--equation {18) directly proportional tO_ a'

P._,: :?',u [ .'I_.: HE* 1,,

E* 18a)) _ = --/;-. a'. ) (

(-

I -iZ "" T;- ](?

With values from this exa_np!e
I

{A_-*/E* = 0.05, f' = 5.15"103 ram) we

iget

I _. r[_in_-.sec) ,, 2a' (in ram! (18b),

i

]a simple relationship which easily pro-

Irides the sensitivity of the adjustment
at all times in the present case,

p:_,_,:., :: J&-the aperture has been narrowed r
I to :_' = 1 _, _ngles of deflection of ,

12 sec become visible, Row schlieren .

_caused by air of different tempera- i

Itures in the room become unpleasantly

'obvious. A good criterion for a sensi -I

-.- tire adjust_e.t is the visibility of
! ...................................... *gelilier_n _e_r g-lY_d-heI-d-i_fi--_he-_ath
C-Figure 27. The Effect of 0iffrac-
_-tion at the Side of the Schlieren
_-Diaphragm on the Appearance of the

30 [-Field of Vision When the Diaphragm
_-is Almost Closed.

r-

_any more naz_rowing of the aperture. A

_-phra£m is now enough to considerably C35
1

of rays_ At room temperature light de-

flection caused in this way lie as high

as 5 _ec (Figure 29b).

As Figure 28 shows, the relative

sensitivity increases amazingly with

small adjustment in the schlieren dia-

_ange the contrast in the i_age.

[- obvious now. The fuzzi-However, the diffraction phenomena also become

_ness at the edge of th_ light source i aage deflected by a schlieren depends on

"the exten_ of the schlieren and is _i_en by equation (22) or (22a). ITable 1 !
',0Lhas been Eomputed by using _ = 6.10 b mm and f' = 5.15.103 ram. I

_ If the schlieren diaphragm is narrowed to the extent that a' = u, the

_brightness of the schlieren in question, compared with the amount which w,uld[

;be present without diffraction, is pr:ctically unaltered. According to equa-l

:,_;tlon (23), narrowing the diaphragm even to u = a'/2 would be permissible.
_In this case _ = ( ¢ = a ¢ ; a = 1/2(th. This vztue is introduced into
) U U

=Figure 28 as the upper limit set by diffraction. Therefore it still has a
_factor of certainty. Consequently the following demonstration is also pos-
_sible (cf. Table 2).

50 _

C:_ver Pa, e Source
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VOisplacement of the Schlleren Olaphrag_
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._ _-Figure 28. Representation of _km_6er_

.... _vity and the Limits Set by Diffraction
_-pending on the Position of the Schlier
_O i aph ragm.
h

2S _

30 !

3s _
t
r

Diameter of the

Schi ieren d

Imm
$ mm

Iomm
20 am
So mm

Ioomm
500 mm

TA_L

Blu
U

i

3,09 mm
0,62 mm
0,3O9 mm
0,154 mm
0,062 mm
O.03I mn'l
0,006 mm

I

................................. ?

In this case we have con- !
sidered only the alteration in

brightness of a schlie_n causec

by diffraction taking _lace in

• ! the object itself. As_as in-

dicated on p. 556, however, the
"diffraction shadou" caused at

the edge of the schlieren dia-

phragm by the diffraction is

given by the same values; the

numbers 1, 5, 10 and 51, intro-

duced in Figure 28, refer

simultaneously to the approxi-
mate lengths of the diffraction

shadow ems,_atin$ from the edges
of solid materials and trans-

mitted to the object.

Some practical reproductio_
De- of the example just cited are

:n given in Figure 29. In this

case the schlieren was located

I

I ,11

6 .tO -¢-='3min
1,2 * I(_*| 1 2418 S(_
6 " tO_" J2,4SCC
3 "10"--*=" 6, aSCC
1,2. SO"j =. _5 sec
6 .10 -4 -- 1,24scc
J,2. tO"4 = O.:tS scc

i--

h_ _"

TABLE 2.

I

DETECTABLE LIGHT DEFLECTION c - 1/20 c .
u

d inmm

!

Io

c in arc
,scole

3 • IO-s
6 • t0 .4
3 • I0"*

c in sec.
I I

1,24
0,6_

31 • 0,97' IO-* 0,_0

:)r1

t$°

[ 34 L___J
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_Figure 29a. Object: Incandescent

_75 Watt Bulb.

_-a' - 4; 2; 118 am;

_,0 -a'/f' - 2'40"; 1120"; 5".

_Figures 29a through c. The Appear-
ance of Schl leren Images Narrowed
rOifferently, f' = 5.15 m.

-only with conslderable mathematlcal ef

- In Figure 29a and in the next tw

*-descent bulb. the hand or the flank)_6_
_frent by an auxiliary light source, so

fin converging pencil of an arrangement

_s in Figure 14. The distance between

Schiieren and schlieren diaphragm was

5.15 m , i.e., equal to a foca_ point
f'T_ _.15 m of the arrangementl in Fig.
i6, _en as the basis for ourl primary
considerations. In Figure 29althe warm
air current coming from an incandescent

light is given first. In the first
part of the picture the schlieren are
just becoming visible; a' amounts to

4 mm. According to equation (18b) this
corresponds to a deflection of 8 sec if
5_ brightness variation can be consider_

ied visible. For instance, the slit

method (cf. §13, p. 346) makes it pos-

sible to measure simply and immediately!
the absolute value of light deflection i

an@_ocdetermine what percentage of I
change in brightness must be considere_

A corresponding series of tests has t

shown that in a normal Toepler arrange-[

men_ with a sensitive adjustment,light i
alterations of 5-8_ are just able to I

_be perceived While alterations of 10_

can be _ercezved well. Part 2 of the i
Ipicture_has a' = 2 ram, thus an adjust-
ment which is twice as sensitive; Part i

3 has a' = 1/8 mm and therefore accord-

ing to (18b) an angle of deviation of

= 0.25 sec should still be visible I

at a ffiAE*/E* = 5%. To keep this change

in brightness _mdistorted

by diffraction, the pertinent schlieren
must have at least a lateral extension

of about d = a.(_/¢) = 1/20._/¢ ffi 24.8

mm (cf. Figure 28). The dimensions of
the warm air drafts lie within this

order of magnitude. However, it should
Ibe noted that the above derivations refer

only to the case of a constant angle of
deflection within the schlieren, while

_.n reality the angle of deflection usua_

ly changes from place to place. This
general case can act.ually be handled_

_ort ....

) _-_Sures, the object (i.e., the incan- /340_

lighted at the sane time from the

that - the opaque objects . d o not _appear



i

_only in the shadow contour, as is gene_Ially the case with schlieren repro-

_-ductions. Reproduction of the_schl_er_ p i5 not affected by this at all and

i-a clearer_lmage is obtained. F_ure 2. b records the warm air schher_n corn-

i!, _ing from _hand. Because of the lower surface temperature, compared_o an
i incandescdnt bulb, a more sensitive _d u_tment is necessary to produde a cleal

• _- , . hover _'aCL_ll t le . - , .._ _./.
-picture. _t a = _ mm not much can De _ seen, anu even a_ a = _/z tn_lmage

_-still has _he same appearance (correspOnding with the progress given_n Fig.

_28), but at a' = 1/8 and at a' = 1/20 _m, the schlieren are clearly defined.
_-The sensitivity for the last part of t_e picture is 0.1 sec, and the pertinent

iG _size of the object without any diffraction effect is 6.2 cm.

o demonstrate the sensitivity of the

...................

:- The third object shown in Figure
_The flask is tilted, but not so far th_
_less, even with a relatively coarse ad

I_ _8 sec) a definite current of ether vapl

_fore the deflections must amount to col
_last section of Figure 29c the direct i

_-= -0.5 ram. Therefore only those parts

_an angle of deviation greater _h_r _P_
-direction of the edge of the schlieren

-In this way the successive alteration

_stant deflection (isophots) in the cas

' These examples should be enough
...... '-Toepler schlieren arrangement.

29c is an open flask containing ether.
Lt the ether could flow out; neverthe-

ustment(a' = 4 ms; i.e., sensitivity
_r may be observed flowing out. There-
Lsiderably more than 8 sec. In the

ight is completely cut off and a' =
of the current are visible which have

_._r,d_0 = 20 sec perpendicular to the I
diaphragm and only in one direction. l
_f -a' can furnish the curves of con- i

of stationary processes (cf. p. 346). !/342
I--

L-13. Schlieren Method Number 7 (Lattic

_- The Toepler schlieren method is

cgreat sensitivity is necessary. A qua
_measuring brightness, most appro! riate
_schlieren. Now there is a complete ga

_is not necessary, but where rapid and

_quired. The lattice diaphragm method
_5 _cases. The basic arrangement of this

_illu_i_ated from light source L*, is p
across the optical system K and K

I 2"
land lattice bars which are generally o

_0 -is 2a, a is the width of the bars and _f the apertures. Let the image of the
:slit have a width somewhat smaller th_ a. The object S in this case, just

as in the Toepler method, is projecte_ into S' by lens O. If no light de-
:flection occurs in S, the field of vislion is uniformly bright. For a deflec-
_tion by angle ¢, just large enough to,hilt the light to the first lattice

_5 -bar, complete darkening occurs. In th_s case
]

Diaph r_gm Method)

_sed to make schlieren visible where

_titative evaluation is possible by

ly by comparison with a standard
.ut o£ cases in which great sensitivity
simple quantitative evaluation is re-

tescribed below is applicable for these
nethod is shown in Figure 30. A slit L,

rejected in a free opening of lattice B
the lattice consists of grid apertures

equal size I. If the latter constant

¢ a'f' .

:i '_' h__oflndlfferentmanycasessizesit,is completely ap_rlate[ to make the apertures and bars

Even Ro_,_an Odd
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_Figure 29b.

-eo/f' - 40",

ObJect: Hand.

112; 118;
20", 5",

i /341
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Figure 29c. Object: Open Flask
Containing Ether.

1/20 mm; e' - _; I/2; I/8; -I/2 mm;
2". ,_" " 2'40"; 20"IN_,_, e'/f' , 5", "20".

i
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_ 30 I
_Figure . Arrangement for the Lattic

;_ i_Diaphragm Hethod.

If the deflection is

twice as large, the light

again falls through_he next
aperture and brightness
occurs, etc. In thi_ way

curves of constant _eflectior
perpendicular to the_ direc -
tion of the lattice bars are

obtained in the image field.

They correspond to the curves
] of constant brightnessi the

_Toepler method and can therefore also _e designated as isophots. Such ann

Vimage usually allows immediate determiSation of the extent of light deflec-

!5 _tion for one point in the object. (Asian example for the use of this method,
rsee Figures 51, 54 and 77_ Of courselthe ordinal number of each isophot must
,_be unambiguously definable, i.e. one m Lst know through which aperture of the

Flattice diaphragm the light in questio:
I . .

F-possible if an approximate picture of

29 _object can be made on the basi_O_cPoth!
_also a direct way of determining the o
_of the lattice diaphragm can be provid
7one another. A colored image of the
_corresponds to a very definite ordinal

25 _such a color lattice is to transfer bl

iu_suJ_able siz_e on_apiec___oY__n
Vdesired size. Then the spaces on the
Vcolors. The colors should be selected

_one another, not only in colored photo
30 _no value is to be put upon color fidel

_is very suitable for rapid evaluation
min and greater). If the value of the
(i.e., perpendicular to the direction

-corded, but rather the absolute value

35 -simply by choosing a circular diaphrag
-circular lattice diaphragm at B.

Figure 32 in Table I gives an e_
lattice diaphragm method. This concel

_ has fallen. This is almost always

he course of light deflection in the
.elu_:i_ made otherwise. But there is

rdinal number: the individual apertures
_d with color filters differing from

)bject is then obtained; each color

number, i The simplest way of preparing
zck and White lattice reproductions

lrdbo_rd_ o_iapns_ ive _platns

)late c a_ be easily colored with filter
so that ithey are clearly different fro_

_raphs, but also for the eye. Naturally

[ty in photographing these. This method
)f rather large deflections (about 1/2
deflections in a definite direction

)f the lattice bars) is not to be re-
)f the deflections, this can be done

a at L (see Figure 50) and arranging a

mple of the application of the colored
Is a glass plate with relatively great ,

40 _-deflections of light for which a latti :e diaphragm was chosen with lattice
_constants large enough that the photoj raph of Figure 32 corresponds to the
_hotograph of Figure 7 made by schliexen method number 5. Two color ranges
_are seen on the image: red and blue-gl
=inite deflection furnished by the dat_

45 _
Further exlu_les for this metho_

_and 113, which are described in more
_text.

NA_

/343

T /344
I

een. Each region corresponds to a def-
of the arrangement. I

I

are provided in Figures 59, 67 to 73 I
_tail at the corresponding places in the

Even Odd
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Figure 31a.
Cover PaC

i Figure 31a and b. Schileren Pictures

i_3la Shows the Lattice Partially Covere

Number.

25 _ In investigating how much effect

L_ sourcer-wh i_r-j_s t -illumin at_

Lcorrespondence with Figure 25, the ref

_by this illumination has one main maxi:
_distance of the first minimum from the

30 :equal to

35

4O

.
• .-,.

T " . i;# 1_7'_" F •
J

Figure 31b,
t' q(-IU r CC

)f Glass Plates Exhaled Upon. Figure
in Order to Determine the Ordinal

refract on a , one can begin with a
r---s_tSt _-_arri-cE-dia_ --rn

'action _hape of an image point caused

_m and _everal adjacent maxima I. The

center of the diffraction shape is

-(Example: X = 6.10 -_ ram, a = 1 ram, t'

-of the average strea_ between the two

- Figure 33 shows exposures made

m (30)

. l,SO0 am, u = 0.9 ram, i.e., the width
ninima amounts to 1.8 ram.)

[th four slit widths (a = 0.38 to 3.27

_m). A horlzontal heating pipe served as the object, and a strong lateral
hdeflection was picked out and provided only a narrow llne of light In the

age of the object. The maln and several adjacent maxima can easily be pick-
out in the exposures. Now the poin:s In the object lle directly next to

_he projected llne at _ somewhat sma111

t,5 _the adjacent slit of the lattlce dlaphl
_adjacent maxima must appear in the ims
N-

- In Flsure 25 the dlffraction has be_
So _hile hem we aro con_,m_i wlth di_

er or somewhat larger deflection. If
ragm is cleared, a second line with its

|e of the object and, under certain

_ plotted on a circular diaphragm,
ction at a slit.

U- F ] 3,
Even Ro_an Odd
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',-.conditions, must lie so close to the ode reproduced here that further inter-

_--ference phenomena occur and tl_e mail_ m_lcim_ of the two lines become indis-

_-tinguishlle.

V

I. !'F-"

b d

i'- rover Pa 9 S:;_,_-ct_
LFigures 33a to d. Diffraction on a Slit schlieren Diaphragm.

.a, 3.27 ram; b, 1.60 ram; c, 0.75 ram; d, 0.38 ram; t' = 135 cm.

I

- For this reason a suitable choic_ o£ lattice constants and slit widths

-depends on the object. If the slit islvery wi6e,c_h _ diffraction caused by it

i_wiIT be W_-small;--b-ut tOO large- _--_-_g_ -Sf d_f'ldction_- z_ove_-_-_-_ t-K_-F.....

_the isophots in the image become wide.gain. The optimum st_it width furnish-
-es the narrowest isophot. The lattice constant, i.e., the distm!ce from the

_-next slit, is determined by a conditio_ that the isophots just miss interfer-

30 _ing_ with one another. I

Figure 34 shows, again with the _orizontal heating pipe as the object,

:several examples of the effects of slit width and lattice constant.

I i
Pictures a to d were taken with _he same lattice constant but with de-

,creasing slit widths. The position an_ number of isophots should have been

_the same in these four pictures. Figure 34b must have been the best suited
_£or evaluation, since here the isophot_ are most easily separated from one

:.0 '-another. Figure 34 c already shows a pery reciprocal blur, while Figure 34d
_seems to be completely blurred because = of diffraction. The lattice constant

_; Figure 34e is smaller (only 3 ms instead of 5); this leads to considerably
sruptive overlapping, so ehat the pEotograph can no longer be evaluated.

_5 _ In order to eliminate the errors
-phenomenon of several adjacent isophot
-photograph; i.e., only one slit of the
-time and the different isophots should
-case the slit diaphragm can even be di

_4m dlaphra_ which can be moved by _[
5n -Then the black-white boundary in the i;

I
I

i

Slit Widths:

caused by overlapping the diffraction
s, only one isophot need be shown on a

lattice diaphragm should be free at one

be photographed successively. !n this
scarded _nd use made o£ a simple schlier.
_nite mounts with a micrometer gauge.

sag e £ieldw?uld correspond t O the .........

[40
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_-position of the isophots. Still, this

_:_rocesses. Under such conditi_?_p_0 _

_the isophats could be measured directl
_image fie_d. Vice versa, if one start,

_can move _ither the schlieren _phr_8_

i-of a fixe_ schlieren diaphragm, by usi_
_to be measured lies exactly on the blaq

imethod is only useful with stationary

qgr_p_ing could also be eliminated and

with a measuring microscope i_ the

at a definite point in the object, he

ori_h_ light source slit, in [the case

_g a measuring screw so that the_ point
:k-white boundary. This type oT ap-

_plication is useful in the ultracentriJ!uge measuring technology, greatly de-

i0 ._-veloped in modern times, and is known .here by the name "slit method" [135].
_This will be gone into in more detail in §30.

_SF
P
y-
r-

z.I ,

25 -

3b -

,E

35 -

I

& b '

t

......... i

.., ¢

t,O
d •

-- °'l _

"Figure 34 a to e. Photograph of the Temperature Field Near a Pipe Heated to
_70"C With The Lattice I)ia_hragm Method Using Different Slit Widths and Lattice

Image : a b

Lattice Constant: 5 5

Slit Width : 2.5 2

NAS

"Constants :

c-

5_ -

c d •

5 5 3_

1.5 1.0 1.5m.

L
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3ch] ieren Method Number 8

! In _rinciple, schlieren method m_mber 7 could have been operate_in suc_
_a way tha_ a series of colored light slits were arranged next to one _nother

!--in L if a _imple slit diaphra_v_es_edTatl_. This should be the r_verse

Lorder as slchlieren method number 7; n_turally, in reference to the k_nd of
Lslit illu_ination, it would be somewhal more difficult to carry out. However, I

: this consideration leads to a new prin_:iple: a simple slit can be arranged at

!0 V-L, as usual up to now, and illuminated with standard white light; then the

_light is analyzed for color in a dispersion prism (Figure 35).
r

L. • _ _ K_ -"
T51 .... " w ,.

T,--" -$

As a result of the light de-

flection in the schlieren, a def-
inite amount of color is contri-

buted to the reproduction of the

point in question. In this way a

colored image of the object is

_ obtained; a very definite
_n i-Figure 35. Schematic for Schld¢*l). _d:_O)_LLF<:e
_ ".Number 8 (Pr = Direct-Vision Dispersioi corresponds to each color. An

LPrism.) optimum value exists for the
dispersion of the prism. With

- i too large a dispersion, color

-alternation--and therefore sensitivity too--i S very small for a definite
2_ T_; with a smaller dispersion, under cePtain circumstances, the measuring range

_-- o . o . , i . o o

i-r_xt_red--gs-_t £J_Lted w£th_-col_--Th_s-color_d _Lier_-m_thod-gs--c_
_ably more sensitive than the lattice d aphragmlmethod; there a displacement

_by one value of the complete lattice co Lstant hid to tare place to cause a

_change in color. The occurrence of di !fractio_ phenomena place a limit on

30 -arbitrary reduction of the lattice con rant. In using a prism to break down

colors, no arbitrarily small slit can ,e taken in B, either, becm:se o£ dif-

-fraction, but a small displacement of _he light in front of the slit diaphragm

causes a change in color by itself. I_ this way schlieren method number 8

-corresponds to the Toepler method; the changes in brightness caused there cor-

35 respond to changes in color here. Thi_ arrangement was set up and investigamd

by G. Stature,who also took numerous photographs. Figure 36 in Table I shows

-the hot air rising from a buzning matc_ as an example. The background is

-green; deflections in one direction--w_ich would cause more brightness in the

-Toepler method--here produce color variations from yellow to red. From a
40 _certain deflectior on, complete blackehing begins. In the other direction--

tcorresponding to the darkening in the Toepler method-'-_Zhe _01_z-s_[tere. a_pe_r,_

from blue to violet. Figures 64 and 6_ provide two other exposures made with

he prism method. I
!

_5 _ Schlieren method number 8 would _orrespond to the lattice diaphragm
7method if a light source were used whihh radiated only limited wavelengths.

_Decc_positlon with the prism provides _everal colored light slits practically

adjacent to one another. With a suitable distribution of wavelengths, these
:could lle at a desired and constant dihtance from one mother. Under certain

S0 _conditlons this can be very useful _B_the simple evaluation and assignment of
rcolors. !
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_15. Further Posslbllitles for Schllerl_n Arrangements with an Optical Pro-

_-- jection of the Object . [
i _':_,.' !,m' [1 i_ !:

_- The _basic principle of the arran4ements described to this pointlis the
_combinatidn of an optical proj_ction_of the object with a determinatibn of th_

..... t_O _FKa_e ! t e .
b-hght def_ectzon zn zts zmage. _n ge_!_'ra t_e brzghtness of a point _erves

Las the measurement of light deflectionJ It was shown that a color schle can

_lead to useful arrangements. What other possibilities exist for determining

i-the amount of light deflection? In addition to intensity and color, the
!q _direction of polarization is also characteristic of a beam of light. It woulc

_be completely reasonable to use this

_one must work with polarized light and

_diaphragm, a device to turn the polari:

, _pending on the extent of the light def
_5 _desired isophot visible according to i

i-However, photographic recording of the

-zation direction of the incident light
_graphic material is not yet in existen

_ _object zs not necessary and zfcSi_rob_l!
_parallel to one another, the deflectzo_
_by a second additional deflection prodl

Lslit. For this purpose a reflecting h,

_is reflected (schlieren method number

?5 _-arrangement in the position of the sch
_-ward deflection a proportional deflect:

_-t--t-he _a/n_-_ime:--Iff this Way a serYei
L-a graphic illustration of the values f,

LThe reflecting helicoidal surface was

_-ly bracing a coated steel band.30 p

k

35 k

40 I_

a schlieren method. For this purpose

use, at the location of the schlieren I
ation plane by definite amounts de- [
ection. An analyzer, which makes every !

s position, is used for observation.
entire image field to fix the polari-
is not possible, since suitable photo-

:e. If continual reproduction of the
_tS_srddvided into a series of slits

for each point can be characterized

_ced parallel to the direction of the

)licoidal surface, against which light

)), can be introduced into the Toepler

[ieren d_aphragm. Then for every down-

Lon to _hei_,i_e will be superimposed
Of ctlr#es ,- Wh ic_-i--medi _-6Ty rep-{dsent

)r the l+ght deflection, is obtained.

_chievedlsimply by the author by proper-

$' " Z " _' _ " & _

I
Schematic Arrangement of Thovert's Method.

I
F_gure 37.

In some cases of practical application determination of light deflection

along 1 slit in the object is sufficie

echnology). Here the arrangement rep )fred by Thovert is useful (schlieren
._method number IO). It is briefly illu

_5 :L be an extensive illuminating surface

_zontally through the optical axis. It

LS is the object under investigation fz

iaitted to go through a diaphragm, g

q_ '_'£trst assume that cylindrical lens _-_

nt (e.g., in ultracentrifuge measuring

_trated in Figure 37. Let light source

with a straight limitation going hori-

is projected to L' through K 1 and K2.

)m which only one vertical streak is per-

_imltaneously projects S to S' (if we

not present), and a vertical streak I

I__ _ __/3_
Even Roman Odd
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/-also occurs there. An oblique diaphragm going through the optical axis is
i-located at L'. Now a cylindrical 1_ns Lis added at Z and projects horizontal

L-sections _rom L' to S , whxle i_:_aay b_i cOnszdered as absent from th_ path

_-of light _ams in a vertical direction_ !

i O.... '- P:, C T;_ 1,_
!-- If ._OW a deflection of t_e_'igh_'Jrays" b_ccurs in a vertical dire tion l
i-at one point of S, the black-white bomidary shifts with the edge of the dia- l

_phragm in a lateral (horizontal) direction at L' for this point. This lateral l

_-shift is projected true to scale into _' by the cylindrical lens, while verti- I
:0 !-cal correlation with the object is maintained. In this way a curved black- I

_white boundary, whose horizontal ordinate is proportional to the vertical

_deflection of the point in the object _n question, is obtained at S'. A
_simultaneous light deflection occurrinl: in the horizontal direction in the

_-object has no effect, since it only catLses a displacement of the light surface
15 i_L, parallel to the black-white boundar .

F-

i-II. Schlieren Methods With No Optical Projection of the Object
! I

/349
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L-16. The Direct Shadow Method _6_ie.t.
20

L_ A]I of the methods described up
_vestigating schlieren require a greate

.Dvorak, in 1880, was the first to call

Ltremely simple arrangement allows schl

::_ _11uminate the schlieren with a light :

_n-d a screen, on w-_h t_q-ight falls

uby an unequal distribution of brightne

30 _- Let L in Figure 38 be the most c
_let S be the schlieren. Let light ray

4_ BeChod Number il) !

o this point for visualizing and in- i

or lesser use of optical equipment. I

attention [6] to the fact that an ex- i
eren to;be visualized: one need only :

ource of tM_,_ost extreme pinpoint tYpei

w_-Y1 S_-t_ pr--esen-----ce o-_--a-s--6hl'-_.ere--'-_

S because of the light refraction, i!
i I
i i

)ncentrated possible source of light and

c be deflected in the schlieren by

angle ¢. In this way it reaches the screen at a point ¢.g = _a away from its

origin. The alteration in brightness _ausea in this wa 7 will indicate the
_schlieren most sensitively if the defl_ction Aa is as large as possible in

55 _relation to the size of the shadow im_e of the schlieren (d'); now Aa= E-g

f "i
I • A,, _ r(h-s)

40 _ -_;'=a "--_--" (31)

hSince -c/d is to be considered as an assumed constant of the schlieren, g(h-g)!
h

Pshonld be made as large as possible t_attainl the greatest sensitivity. If we
45 _make glh = x,

I

,- "_I'- ---";t "h-. x (I -- x), (52)
p._

50 _x(l-x) has a mLXiU at x • 112 (see__gure 40).

l-ven Roman Odd
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;-Figure 38.
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Direct Shadow Method.

Thus for sensitive adjustment:

1. The total distance h must be

2. The schlieren must b_°_a_

Figure 39. Diffraction of a

Straight Edge.

!as large as possible.

lCa_o_Imately in the middle of the

_ llght source and the screen.
i

The edge of a schlieren, insofar
_be considered the edge of a diaphragm.

_blurs the image on the screen of the

_vAs£on arieL,.he scAZicren..(Figure ..39__..
-shad@# boundary to the first minimum c
!-According to Fresnel, this is proporti
i

k
_-.

Since the wavelength of the light use_
W :_ ¢onst • _, : _ .

,, . T _ .

1/ 1__ m= coat. 1/_. _-- : .
; I
t-

_-I£ we derive again with g/h • x,

as the passing light is concerned, can

Thus i t produces a diffraction which

)order b_tween the undistorted field of
•7he distan_Ve"_rom .h!Lh__geo_j_r_sal__ ............

_n be approximately defined as blurred.
)nal to :

÷'

can also be considered constant,

(33)

(34)

(35)

-The :;emller u is in ratio to d', the Ipss does the diffraction interfere with

!-the identification and eventual evalu_ion of the schlteren

'_- 4' =, __ ¢ . d ---= ,

/350

Eve n Rc_ma n Odd



_--then

a

bCxCl-x) 3

, diffracti(

_. const ]/_ )/.-_(! X)'o-- -£.. _ !

! (36)

hasa m_iB atx ,I_/4:(,eFAlSe40).Thus.withref_enceto
• it would be inconvenient _o arrange the object right at the dis-

-tance g = h/4. i
!.? _- 1

!. a m • I ItJ ! /

r!_ _tic_

// -\
f/_j_' Sensitivity
_ I Diffraction

__ Relationship x- g/h
I

:-Figure _0. Representation of Sensitivlty ,
_iffraction and Blur As Nell As the !
l_ensitivity-Dlffractlon Ratio as a Fun_:tion
_-of g/h for the Direct Shadow Method.

J

Another cause of dis- I

turbance for a sharp de- I

lineatlon of the schlieren ]

on the screen is the ever
present finite extension of 7
the light source.

Let the diameter of

the perforated diaphragm
serving as'a light source
be 6; let the blur caused
by this on the screen be

6'; again it is important
to keep the ratio 6'/d' as

small as possible.

- ¢.__r: _ '--J--#.

30 i 6'== am_-=-_-.d,

:then
L

)5 _ . ¥ J • (37)

7.7,z,
_hts means tha'c the fuzziness caused b_ the extension of the light source is

linearly proportional to the diameter _f the perforated diaphragm and the ratA,
/,0 _x = g/h. With a siren pergorated diapkrq_ the object must be as close to the

iscreen a_ possJ.ble in order to attain good delineation.

If we summarize _.he results to t_is point, we reach the following speci-

fication fo:r carrying out the direct ska_o_ method:

Great,_st sensitivity is attainedi if the distance between the light source

"and the screen is as large as possible i and if the object is located centrally I
_oetweon the two. As curve I in Fijure 40 shows, it is not necessary to sheet i

-the latter .:o_dJ.tion ¢.xectly, slnce_litivity is chan|ed very little with t
r-, -deviations of O.S in the ratio x • |'/l_] The diffraction c._used at the ed_e._ I

_ ................................................. J- .................. - _. . J

i _ [_.-i .
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of the schlieren has a maximum effect _pon blur at x = 0.25. Increasing the

distance h also increases the _,_ect of the diffraction, although only by

'_ _--, whil_ sensitivity increases directly with h. If the deflection fin the

_schlieren fare so small that the diffraction has a disruptive effect, _t is

_more adva_ageous to make the i-mile _ g_h' _'arger than 0.5 (Curve I_.
....Naturally _ith a large x, i.e., with ailarge interval between the object and
i_the screen, the perforated diaphragm _st have a sufficifJntly small diameter

_ since the blur originating from the finite magnitude of the light source in-
l; _creases as x increases. The greater the extension of the schlieren is , the

_5

_less obvious becomes the blur caused bq

metrical optics.

__ The shadow method is used very el
_ visible, e.g., in resular window glass,

objects (see Figures 42, 43 and 44). 1
is not important; on _he contrary it m_

,th by the diffraction and by the gee-

!ten to make a very rough schlieren
in bottles or in other common glass I

n this case a very sensitive setting !

ty even be of considerable disadvantage, I

as we shall see imme._iately, i 1

To avoid working in a darkened r_om, it is preferable to have an image i
-as bright as possible on the screen. _or this reason a light source is chosen

iwith as much light intensity as possible, e.g., an arc lamp or a high pressure

mercury lamp. This can be used directly or with an intermediate projection
. wxth a condenser on a perforated diaphragm to regulate the sharpness better.

-But in both cases, in order to achievel the desirers b_ightness on the screen,
-the diameter of the tight source is so, large tka¢ su_ficlen_ sharpness is only

achieved if x, i.e., g/h is sufficiently small,
[

_ ._"_" ;_.'_.-: ....i

E ":
,_.. .

_t- " i ".+

' • .

; ° • '_ o t__ corresponding points of the object, but
:::_._. • .:."i. ..', rather the light in question comes from ._ny

,-:.'_.,_i_ dirqction not immediately determinable. How.
_Flguce _1. Ether Vapor eve_, the occurrences of bright light are
_Esc_plng from sn Open Bottle. now _uch more obvious than the dark spots in
-Shado_ _ethod Exposure.

the _chlieren image. Figure 41, showing a
_(From Journal B_x_ u. strdpm of ether vapor escaping from an open
-f_ej_u_, December 19_2). bottle of ether and exposed with the shadow

"- n_J_d, can serve as xr, exmspie of this.

_The direct shadow method is a schlieren

methpd without optical projection of the
object. This has very important consequen-
ces:|the light deflected by _he schlieren
fall" on some spot on the screen and in-

cre es brightness tLere. In this way the
projection of the _hlieren contains less

ligh_ than the normal field of vision. In

this|way the schlieren can be recognized on
the_creen as dark spots true to scale. It

is d_fferent with the light spots. These
arehot caused by a light deflection in the

Eve n R r_.l r_ Odd
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• are darker than the background; these are true to scale. But the light line i
within the stream and forked at the top is much more striking. It contains

all of thq interrupted light. The screen was probably located right An the

,focal pla_e of the vapor stream representing a cylindrical lens.

: Ano._er example is the inCandes_nt light in Figure 42. it is yery

easily re_lized that the bright liBhts ineed not be an index for the l_ght de-
L-flection of any pertinent point in thelshadow image of the bulb, because they

=.extend far beyond the outside edges. _ already emphasized, only the darker
;_ :-spots of the bulb are conclusive. _hefe the deflections are not very large,

_the bright streaks are usually next to_the dark ones, or else this can be
More or less achieved by a suitable choice of distance g. Then the schlieren

-have unusual contrasts. This is the c_se with some of the "glass threads" of
Figure 42. !

t

°. -

I,..

_', p.

it:

It-"'"

.'.

,,i̧ L;:
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qhile the change in brightnessi
of llght deflection is directly :

proportional in the Toepler schlie_
on method, there is an indication

of alteration in light deflection

with the shadow method (in the case
of small deflections). If we i
imagine two fields of adjacent I

-.: : ._ constant light deflection, differ-

ing instrength, these two fields j
Iwould have a diflrerent degree Of

. . , ..... - . blackening in a Toepler schlieren

• '" .-......... ., ,, _.,_" : • . Imale; in contradistinction to this_
"/i 'i'i'-._;' ' ' "__,il_i_..... - __--==" they would be equally bright in a 'i._ ! :...._._._, shadow exposure, and only the tram -_

( 'i _ sition zone would become noticeable
. because of a change in brightness.

• . ._.':-=._-_z "_"_-_..c_----_ ..... ._ . ._'_f A field wtth a light deflec-

.............. . .....___2-___.. _. :....... _.-_ tion deviating from its outer field
• _.---._-_-_..,._-,,.'?-_v ' will be dark on the one side and

_w.--'. _., ':_- ,-__,_" surrounded by a bright margin on

the other. If the field is narrow,
.;.,:_ _.. .- ..... _;_.._. the bright and dark streaks lie

next to each other in the schlieren

image and, as already m|phasized,
_Figure /_2. Shadow Image of an

Incandescent Bulb. are particularly striking because
- of their contrast. Figure 44 is
- ' also an example of this: the shadow _

-image of a glass plate interspersed with n_rous "th._eads ''. In the four in- . /_54
dividual images the object to screen d_st&nce has been varied at the same tiara
• and it is directly obvious that sensitivity increases up to g - h/2.

. Another illustrative ox_q)le,,_q_in very clearly confimin| the above :
-derivation of sensitivity dependin| o_ g/h, is FliNts 45, Here there aro ten

L ........ L .....
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b

• exposures of a glass plate with schlie_en at different schlieren-screen dis- i
,-tances. The distance from the light source to the screen was 3 m and the I

.perforatio_ diameter of the diaphragm _ervlng as a light source was _.5 a_.

i_aturally fall images were of different_sizes in the original. They _ad to fi_
-the s.e _rmat in order to be compaxe_. This was done in Figures 451 and 44.

..... _: | The first picture is a contact copy

- . : _ . of _he glass plate in the same arrangement
,,. ' _ .-_.;-_. _ (g _ 0), so with extremely strong illumina-

:. ,_ us.am.--. . tion. It shows up all the blisters,
:" L-'.

,r',

F-

on_

cre
ima
25

Som_

.... .,.. otk_
the

scratches and particles of dirt in the
glaSs plate. The next exposure was made
I ca away from the plate and the effects

.t have become much clearer; this in-
_es considerably in the following

les (3.5 and I0 ca). At a distance of

the deflected light already bypasses
spots at the edge of the plate and at

S_e_, particularly a: the comers,
light is deflected inwardly. As was tot

be _xpected, the greatest relative deflec-
tions occur at g • h/2 = 150 ca. If the
distance between the schlleren and the

screen is enlarged, sensitivity drops agai_

Therefore tke i_age with g : 100 cm cor-
responds toithe one Wi£h-g 200 _, and- ,
the i one witk g = 40 ca corresponds to the
one, with g * 260 ca, exactly as shown in

CurVe I in Figure 40.
i

t If the optical condition of the objectl

wer_ known, the distribution of brightness
on the screen could be computed definitely

on,he basis of laws of optics. The re-
ver_e, co_uting the optical condition of

th_object from the image on the screen is
generally impossible; the most important

,_ _'#_"_1;.__ i pl_equisite for this, a clear correspond- i
•-.._" x_"_ '--. enc_ between the size and direction of '_
_,...___,sS_.._ lisht deflection at every point in the

object is not availsble. However, if care i
_-Flgura _3. ShadoN Image of
-o Good Bottle But With Par- is _gken with a diaphrqps to see that the

li_t fro8 the light source can only fall
_turbations at the Neck. through certain definite parts of the pro-
"(From N. Jebsen-Hanvedel :

"_' cede, tonsuring the position of the cor-

"_eohn_4oh_ F_briJc_ona- reqponding dots of light on the screen can

_J'ehT, er [Honufecture Defects shc_. how large angle • is and what its
_ln Gloss Technology], Berlin, po_Ition is for the point of the process in[
_Sprlnger, 1936.). qGi_tion. This sakes further evaluation !

potable. In ashy cases it is not even !

/sss
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necessary to introduce special diaphr_ms, because the type of process itself

permits unequivocal measuremen£ and co_rel_tion of the light deflection. To
_ clarify t_is I.et us present twO_imageS _taken of the free convection o_ a hori_

_zontal, h_at,_d pipe [86] (Figures 46a :_d b). The pipe had a diameter of 42
_ and wa_ o04 em long. In a _e l_k,, t_i_it is necessary to illulinate
_the proces_ with the most exactly' para!._iel ' light possible for the sak_ of
_-sinq_le evaluation. In practice this i.,_ partially handled by making hl as
-large as possible in view of the space available, e.g., by using a long hall

i-in the basement of the Institute. Witl_ therao-hydrodynmLtc processes un- |

i-desirable air currents may often distu_ this process to a considerable degre_
:-In the present case the long light path required was considerably shortened _ /55__9

,-by placing the light source approximately at the focal point of a concave
_mirror. When such Is available, this _s the simplest way and, if necessary,

iprecisely parallel light can be produced.

- The distance from the end of the heating pipe to the exposure plate was
i-7.44 _m for Figure 46a. The pipe had teaperature of 76"C while the roon

culiarof lines be seen in the image.• temperature was 20.60C. A ntmber p_ can
The inner, circular, dark spac_e_tei_d4ag: upward does not correspond to the
diameter of the plpe which was hatchedlin later. As already explained, the

-circular, dark field with the tube sha
-total schlieren area from which the Ill

warmed by the heat exchange of the pip
-the coordinatio_ of the other light li
-streaking directly along the surface o
-surrounds the central area at a greate

• a circular dlaphrap is used to make s
.the surface of the cylinder can get th
-found.

Figure 46b was produced by this
-for different pipe temperatures are su
_temperature, the diameter of the curve

i;le the heat transition index for eaC

om of the heL-_-shaped curve (see p.

_euureemnts.

,ed extension on top represents the
ht was deflected. It includes the air

s. If we now use diaphragms to check

_es, we find that the incident light
the cylind_rr)supplies the curve which
distance _n the shape of a heart. If

re that _only light in the vicinity of
,ough, oaly the heart shaped curve is

method. Here the heart-shaped curves

_erimposed, _ith an increase in pipe
! increases. Now it is simple to deter-

spot on the cylinder surface from the
387). This agrees well with other

In some cases the direct shadow _ethod can be used for a direct quanti-

-tative evaluation, but this is not generally possible. Therefore it is usually

_ed only for a purely qualitative indication of the presence of schlieren. I
The great sdvantNie of the direct _hsdow aethod is the extremely simple ar- i

_-rangesent which does not require sny c_tics and correspondingly allows pro-

, cesses of any extension to be inwstig_ted. Still, the use of a condenser to
-illuminate the perforated diaphr_ an_, in case of need, a cc_icave airror or !

:a Imm to shorten the path of r_ys is l_dvantageous.

- Some thought should still be giv_ to the most appropriate way of photo-

the.ch,i... t.,.  ich ,. rally l. ..crean, i
!

L.....
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_Figure 45e to k (Excluding J). Oepend nce of the Sensitivity of the Oirect
0¢1

Shedo_ Hethod the Position of the S_hlleren Between the Light Source end
, the Screen. i

/

++ h - 3m, g - 0 I :3. I0 2S ca,
,+ 40 I00 150 200 260 _n.

In =_ny c_es it will he possible
'+,5 _graphLc paper and to expose it direct]

imale will have to be photoar_hed wit
_be difficult if the screen imqe is nc
_snd if the lOVeSmnt of the process doe

-tile. Then one will have to be sat_lJ
q.' 7diJPferent method.

to cover the screen itself with photo-
V. If objects are too large, the screen

a special camera. However, this will
very bright at a sensitive settir.s
not p+mlt sufficiently Ions exposure

ed with observation by eye or use a
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_Figure 46a. Shadow Exposure of a

-Heated Horizontal Pipe. The Three
=Black Radii are the Shadow Image
-of the Pipe Fastening. (From

_iaw_ u. L.e.f_zo_ [Heating and
-Vent i latlon]).

-I

30 _

I

p_.}_at, hin9_. Directly on the Surface of a
_Heating Pipe in Streaks. Wall Tempera-I

i • "# I
-#_L_ 01 rect Shadow I

_-.......... _ ...... "-'/'-_""/-'_-'"!--- Ii,, ,,,
b- -I -_ -# -I -_ .4 • # _ _ 1

_,0 -Figure 117. Sensitivity as a Function
_-of Light Source to Screen Distance
_-With the Schlleren it a Constant

- " i .............

// / ,,¢ ,4;I¢'T ;:_...--- _¢ ;:-.. !
# . _ .'% ......

ture of the Inner Circle 21°C is the

Outside Te._perature, Whl le for Succes-
sive Curves it is 33.O°C; 44.6°C;
56.0°C; 67.5°C. (From _LeCaung u.

U,8 l_11 . ,''_, _= ................................

17.: Schlleren Hethod Number 12:
Reversal of the Direct Shadow
Hethod

In accordance with equation I

(31), the sensitivity of the direct{

shadow method was considered pro-
portional to the shift _a caused by
the deflection in the schlitren on

the screen in ratio to the size of

the shadow image of the schlieren.
This sonsitivity can be raised

theoretically to infinity if it is
possible to make the size of the

_-Oistance From the Screen. I shadow contour of the schtieren
I arbitrarily small keeping 6a con-

| stant. Now let us start ._Jth
'_5 _equation (31) again and .rite it in another form as follows:

l

- _. _ .Z_-. (38)- _r -_"

-- ]

L...... i
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i-lf we keep g constant and all. h to ir

_-will increase from the value O_at k=
_= ®, the _chlieren is penetrate_3_i_ _
"-is as large as the original object. N

_-projectior_ of the object in question_i_
i-here Aa re_ains essentially coh_s_autt,i

J
L creases. Figure 47 graphically sh,s

3

< ••

3O

35

"3',

_crease in relation to g, sensitivit:,
tp, the vt_lue _g/d for h -_ _. At h =

,a_a_'iel light and the shad. _ontour

_w if convergent li_t is used,l the
s_a_er than tl,e object itself; since

_e' s_n_itivity correspondinglyl in-
h

. l

he slope of the function
h

g

_as a function of h/g.
The right brauch of the curve f h/g = I up to h/g = _ corresponds to

_the direct shadow method. The left br_nch corresponds to the -:othod using a
_convergent pencil of light. At h/g = 0, i.e., h = O, sensitivity- would be

_infinitely large. In this case the po nt of convergence of the light rays
_-lies directly on the screen and the si: e of the object diminishes to O.

The production of a convergent
: __J___._ _ [3" pencil of rays naturally requires

_ the help of optics which thus re-
I,

_ __.__:___:"--'-_.__.._._"_._ move_ one great advantage of the
_' ___[ direct shad. method. NevelZheless:

I this[_h._ can be used advan t_aJ_e-.
" - " ousl_in cert-_n cases. The hori-

_Flgure _8. Arrangement for Schlleren zont_l heating pipe :an again serve
LMethod Number 12. as aa example.
i

' In Figure 48 let the phenomenon

i _ be arranged in the parallel path of

rays between two lenses or concave

mirrors. Let light source L be as

__'i " _ii:i I _ :!.! concentrated . possible. The con-:... .... . vergont point L' of the percil of
• , light will then be located exactly

_i i::" )',._"i_.i!:ii_t!i!):."..i.i!: I .ii_ on screeh S'. If the photographic

. ..,=:_ paper placed on the screen is now" _.- i":,.;:i._'_.i _. exposed, Figure 49 is obtained. The

object itself is concentrated at the

center and the deflected rays il-
lustrate the surrounding curves.
The deflections are to be measured

. . . , directly as distances fro_ the

center and this practically provides
_Figure _. Light Oeflectlon$ on _ a radlotion pattern for the deflec-

Horizontal Heated Pipe as a Redla o I
"-tion Pattern. (Exposure by Sct_lleran | tions. Still, an _xposure of this

:i kind, just as in the direct shadow
-_tthod Number 12.) _;_ method, can anly be evaluated if

L..... __....._ .,_

136_._1
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=-coordination is possible. In the case fat hand the maximal deflection cor-
_-responds to the layer of air at the im_

• Ta -'c O,r_.
_the temperature gradient Is greatest.

i I " "_46a and b also orlglnate at this surfa,
!

..... Thelarrangementof Figur °  *Is
r-cept that_ere the light deflection at
:source is exposed directly, while in ti

, _is introduced here and transposes the
q L/ '

_-ness value in the image of the object.

_sible to obtain uniqueness, i.e., the
_to the points in the object.

5 _-18. Arrangements Which Permit Quantitl
Hethod

As described in §16, the images

-are not unambiguous, since the origin
_mined. This indefiniteness co_dcbePb

_the individual light rays. This is pr

_di_te surface of tl_e cylinder where

Teh.i _eart-shaped lines shown i I Figures

dent_c'al with the Toepler method, ex-
the center of the image of the]light
ie Toepler method a schlieren diaphragm

ralue of the deflection into a bright-

Exposing this phenomenon makes it pos-

:orrect coordination of the deflections

Itive Evaluation of the Direct Siladow

_xposed with the standard shadow method
Pf the light cannot generally be deter-

_a_ed_f it were possible to "label"
Lctically possible with the following

iarrangement (FigLre 50): the point-shal,ed light source L* is projected with I

i-condenser lens C into L where a perfor_Lted diaphragm is located. A cross lat-i
!-tice has been set up at B with an imag_ appearing on screen S' through lens O.

,c _ In this way the divergent pencil of ra_s LS' iS, so to say, subdivided into
_ !several light rays. A shift of each l_ght ray caused by an object S can

_6dsily be demanst-rat_-d by ph-otograp-hy-_i-th andiwithout s-chTi-eren-_--Figu_--_i-

_shows an exa_le of this. This is a r_duced r#production of part of an orig-
Uinal exposure _. This was produ_.ed by projectiag a Heidenhain cross lattice
_ith 40 lines/era onto the wall about 7 m away. In front of the objective stood

30 _a 5 am diameter diaphragm onto which t Le arc lamp crater was projected. The
_glass plate being tested was 5.44 m

_amotmted to a deflection of 1 angle mi:

_as fastened to the wall and two expos
_and without the glass panel. Evaluati

_5 _shift of every individual point must b

-parator (of. p. 385).
If a negative of the cross latti

_,_ i-as an intermediate screen, a lack of light deflection would produce complete
_iarkness, since the screen would be black everywhere where light hit it and

_vice versa. But now, if a light deflection occurs in the object, complete

_coverage no longer exists end brightne_s, proportional to the deflection, ap-
_pears as long as the maximtm possible_r[ghtness is not exceeded. Acco::ding

,to F. _eidert, if a very narrow cross,attica is used, e.g., a reproduction
t,c> i grid, the shadow t_aga will work like_ Toepler schlieren image.

,-

"1

. This photograph w&s furnished through the courtesy of Prof. _eidert,

_ Optical Institute of the Tadmica|_versity of Berlin.

Ly from the wall so that a shift of 1 m_

aute. A strip of silver bromide paper
ares were successively made on it, with
_n is naturally very tedious, since the

e measured separately when using a com-

=e image appearing on the screen is used

L.___J
Even Romar Odd
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_Figure 50. Arrangement for Quantita-

-tire Evaluation by the 01rect Shadow
_ethod.
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_ • • e, .._ _ • • ._ .._ _ 41,

Figure 51. Distortion of the Points

of a Cross Lattice According to

ic I_l_d_haln Through a Glass Plate in
the Arrangement According to Figure
50.

-Figure 52.
__ ;-Condition of £urved Reflecting lkxllet in Itefle;ted Light.

Schematic Arrangement of a Zeiss Device for Testing the Surface

F- - ]
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_being investigated is also mentioned iv

_n arrangement for testing theP_Yf_E_

_2). Wit_ the help of condenser c the

i-grids g _ h; the light then passes t_
l-rendered _arallel by means of _re_a_
[_eye a and _hen an illumination of screc

the coordi-_ate grids g and h onto the s
_-are attached to two surfaces, touching

The principle of projecting a gr_d onto a screen by way of the object

_a Zeiss patent [124] which describes

6_d_tion of the cornea (cf. F_gure
arc lamp b illuminates two coo_-dinate
rough verforated diaphragm d ahd is

_t_ction occurs a_ the co,ca of

n f. At the same time lens e_rojects
creen by way of the cornea. The grids
in the optical axis x...x, which would

e identical to the astigmatic image field surfaces if a projection of plane

occurred in a reversed path of rays.. Then if radial lines (gl) are produced

in g a=_d circles (hI) in h, they both _ppear sharply at f and form a polar

coordinate network. Now if the surfac_ of the cornea is deformed, the points

-of the network shift measurably md allow deductions to be made about the

-structure of the cornea. The path of _ays between e and h is telecentric in

_order to be somewhat independent of th_ distance between the eye and lens e.
- I

The problem becomes simpler if tl_e direction of the light deflection in

_the object is determined mhead of tim_. This is, e.g., the case in

_diffusion processes, in the ultracentrifuge and in machine drawn plate
_glass. In this case straight sli,s ruling perpendicularly to the deflection

_direction can be used instead of a cro_s lattice. This arrangement has been
!_used for some time by customs officerstto separate mirror and plate glass.

If the state of the object in st:

t-O-Ilie _ rec-gt-io._f--d_fi_c-tTon, tTi_--p-_7
L_enough. In this wa/ O. Wiener investi

_1893 (see §29) [13].

The so-called "scale method" int

can also be used in a similar case. A

_located in the path of rays; existence

might l_ne_4,_ _ constantly perpendicular
_3e_.c i on_o-f_ -__n g-T_-_ li que---d-W_t -i-g-
ated diffusion processes as early as

I

oduced into ultracentrifuge technology

scale is photographed through an object
of light deflection is determined by a

hift in the parts o£ the scale (cf. § _0).

One advantage of the schlieren m ,thod is that a rather large field of
ision can be observed at one time. I_ this requirement is eliminated, i.e.,

the object is to be studied at one point, the following arrangements can be

ed: ]

- I. Direct registration of the dbflection on a running film in accord-

-ance with Figure 55. The image of the slit L is contracted by a cylindrical

-lens in order to increase brightness.
-ed directly in front of lens O; this m

-cause large deflections of a different
-object, which is also illuminated by a

_ion fade. Diffraction phenomena also
_F. Weider_ tried to increase the avail

-byproduclng an overlap of the diffrac

J#ollaston prism. The center line tk_

The object being investigated is locat-

ast not have too large an opening, be-
magnitude within such an area of the

beam of light, can make the registra-

determine the limit of sensitivity here.

able resolution through the use of a slil
tion of two slits with the aid of a

_present has a greater gradient at its

Even Roman Odd
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i-edges and can therefore be measured tool

_-of a single slit.

5 F 2. IInstead of the direct regist:

_-first be _ore or less strongly_illum_m
!. . Lovev , at
pin an osc_llograph. Naturally, care

_changed t_e light does not always fall

ing, since the coating does not have tl

done, for instance, in the Toepler arr_
10 =_iiaphragm and the pertinent area of thq

_a lens. With the aid of two prisms, F.

_separate pencils at the position of thq

_arrangement; each of these strikes a sq

i-is strengthened by deflection and the q
15 _bridge circuit, greater sensitivity and

[-tion can be attained in this way.

e exactly than the diffraction image

/

Ltion of Figure 53, a photocelh can

ted. ¢md the registration takes|place i

be '£aken hat whenthe deflectionist
onto different parts of the ceR1 coat- I

e same sensitivity everyplace. As is 1
ngement, the light is passed through a'

object is cast onto the photocell with
Weidert separates the light into two

schlieren diaphragm in the Toepler
parate photocell. One of the pencils

_ther weakened. With an appropriate
independence of light source fluctua-

. The F. Kopperschmidt

20 i-" ¢'_ ..... f#m ourc_ompany {Hamburg) has built a

_- .-_11_L_ ;- .'" S__ens_ _ its own requirements, thorough, mechanization makes it possible

V - _o investigate a rather large

_ransparent plate relatively
as 4 d to mark the magnitude

25 _-Flgure 53. Arrangement for Direct Re-' _-ht-ast_e deflection directly on

3O

,LLc--O-6c]]ng-o-f-t-he L]_E-Def]eEt-i on.
U

- 3. Another arrangement has been

-(Rochester) by C. Turtle and R. Cartwr

-jetted through the test object at ace

-ground-glass plate. Both light beams
-another so that their ju_Lcture produce

he plate itself in color.

developed by the Kodak Company
ght [136]: two beams of light are pro-

train distance and unite again on the

zre colored and complementary to one

5 white light. Now if a deflection oc-

.=rent value for one of the light beams35

4O

45

5o

-curs in the glass plate and has a diff

-than for the other, two colored streaks will ,appear next to one another on the
-ground-glass plate. Sensitivity can b_ adjusted in such a way that the colors

-only appear when a certain limit has b_en exceeded. This method can also be

-adopted for use with reflection. The _eflection is not immediately obvious,
-but only the difference in the deflection at two points of the objects. This
-means, for instance, that the inclinatlon of a reflecting surface cannot be
-determined with this method, but its curvature can be.

-III. Theoretical Fundamentals for Qua titative Evaluation

,- I
-19. Determination of the Refractive Ibdex From Light Deflection in a $chlieren

The quantitative result providedl almost| always by schlieren methods is

:the spatial extension and the shape o_;he schlieren. Valuable results are

'-often derived from this fact alone. N_. until I0 years ago this method was

-considered satisfactory for this purpose. As shown above, however, suitable

Even
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construction makes it also possible to,_easure numerically the light deflec-

-.tion undergone by a beam of li_ht afte_it has gone through the schlieren.

-Naturally,_it is not generally_s_01_xpect any conclusions Eoopt the

-physical s_ate in the schlieren from t_is fact; this is because the l_ght
5 -deflectio_£or a light ray indicates a [single value for '..generally cbnsider-

v F P. _ Tt/_ . .
-able number o£ unknowns. A se_e_ o_a_her p_erequlsltes must also b_ ful-

t
O P" [ The most essential o£ these pre-

t- requisites is knowledge o£ the slope ol

_ztzi I£ these are known, evaluation in

i principle proceeds as follows: in

5 Figure 54 let the light beam L0 go

straight past the schlieren without be-

ing deflected. According to the

_Figure 54. Principle for Quantitative pure shadow method, darkening of
_Evaluat ion. the field of vision would begin

29 _ Cover Pac e Sou_eit s side, since light rays LI,

L2, etc. are deflected. Light ray L 1 _hould go through a zone which is de-

_-lineated by two surfaces (in the drawillg plane curves) with a constant n de-

Lgree. The shape of these surfaces mus_ be asswned as known and will be com-

_ i-puted within this zone with a uniform I degree_ Under these conditions the

prays L 1. Light rays L 2 goes through b_th zone 1 and zone 2; since n degree
_-,

_zs now known for zone 1, n degree for _one 2 iS obtained from e 2. L 3 goes

3O _through zones 1, 2 and 3, and since n legree for zones 1 and 2 is already

35

4O

-known, n degree for zone 3 can be comp

-zone is known. : ....:_

I£ the complete gradient of n de

£ractive index itself can be computed

If the geometrical form of a sch

_ted from e3, until the innermost

|ree is detzrmined in this way, the re-

_rom it by integration.

iieren is now known at first, it is pos-

_sible that something may be found by projecting rays through the schlieren

from different directions. The basis fcr the computation of light deflection
Lis afforded by the following equation o£ theoretical optics:

I n degree.
' "R"=" -iV-- sm _. (39)

45 P
I

L:Here R is the radius of curvature of t • light beam, n is the refractive indexl

_and _ zs the angle between n degree an_ the direction o£ the light ray . I
Even Roman Odd
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15 -Figure 55. Curvature

_of a Light Ray in an

_lnh_geneous Medium.
i

In Fi_

lne compon(

light fa115

(_C<_ve r Pa_
X_X=X. ' :

1

In Fi

for a poin

ure 56 let the direction of the inci-

e_t_gams of light be the z direction.

_nts of the deflection of a beam of

ng through point x i, Yk amount_ to

, . i
=Yk Y x=xi Y=Yk II

ure 56 below the n degree is plotted
P which lies inside the schlieren.

With the z,direction n degree forms the angle ¢ I
since the Sight beam can be assumed as practically Ia straight direction. If we now imagine a new

plane, the[_ plane, lying through n degree and
through th# light beam passing through point x.

and Yk' th deflection of the light beam occurs

at point P/in this plane and gives
._p_. _._,_

2'9 f _ t. _/'_t,

Since the path of the light ray can be considered almost a straight line,

.... L 2. n" 2=-i_esin_, ___4_"3

k-

_-follows from equation (39), in which

Let the angle of inclination of
-plane be O; then

35 _- .{ x =_} sinO y, =t} cosO
_ x' =t/ sin@ y' =_' cos@

_ x" = _" sin0 y" = _/'cos@

- I

40 -whence 1

___ [ x" =h degree sin _. sin 0

" N t

,, n deggee .
_ y ...... sinf" coso.L

4.-From Figure 56 below we get the foil ng relationships:

50 - NAS

(40)

[_ 6" = n" (with n' << i).

= (i ÷ T]'2) 3/2

:he n-z plane in relation to the y-z

(42)

(43)
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F ......

• degree sm T sm 0 = Ox '

_- degree sin (FcosO= On

- 1 t°*"Covey Pa e Title

- x" -.- J- 0J,
#OX'

(44)

(45)

y,, ' t O.= _-_-_.
!

.-In all cases where n occurs as the onl_ factor, we can then usually introduce /368

-no, the refractive index before the beginning of the schlieren, with a fair

_bit of accuracy, so that |

1 On

L C .e ax'
I

y,, t o._ (45a)
i _ "t_-_-o0 y •

L _ince the passage of the light r_y insid_ the schlieren is satisfactor-

Eily ass_ed as strai_t, x" and y" depend only|on/_./ Thedeflections (_x)x '
,.__d t_)----, ---t-h--eh pr_e / T ..... i
LYk " Y"xi Yk | [

[ '
f,to,,)

- ? t [an I (46)
_ (e,.),,.,, = _ 3i'_-#/,,.y, az.
_ It

-because the deflection angle (ex)x., for example, is identical with x' =
- 1 Y '

_-_x/_z of the light ray at its exit fro the schlieren (thus at point x = xi,

-Y = Yk' z • Z2).

If n were now provided as a function of position, light deflection e /369
could be easily computed from equation (46) (with the assumed condition that the

_light ray varies only slightly from a straight line inside the schlieren).

ttowever, in reality, e is known throug_ the evaluation of a schlieren photo-
-graph and n is to be determined as a f_nctlon of position. Now, the solutions
-for this problem will be given below fDr three special cases.

P
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I. Cylindrical Fief Lf
the condition inside the .ie-

10F
V t

• . _ schi ie_+
ren is constantly ,parallel co
the z axis, n, _n/_x an_n/_y
are independent of z anc_ there-

t t_ore can be immediately_nte-

grated with equation (46_, Each[
beam of light goes through only

one zone with an unknown n degree_

Therefore: /
_- _-plane • f - t /_w_ .

I / " - . ou ce { /0._

i:L/" I -.

25 E'_.;:-Point-x-,--y of-.-the_Schl-_.J'en L ....... ..l--- _,'_- _ --_----.- _--
Bel_ Resolution of n De ree Here _. means cne extent o_ the

__ : g • J s

s_:hlieren in the z direction.t "
30 If the process under investigation is bounded by two plane-parallel

{ _lass plates, another refraction occur_ at the exit where the light beam has
been deflected by angle ¢, so that _*, which has truly been measured, is re-

-lated to ¢ in equation (47) or (47a) o the basis of the line of refraction as
-follows :

_ • #-_, ._ 1_10£$ .

- (48)

_0 -whence

I_._ = ,,.
_#/.,._ -17 _'

_},,,-- -_-, '" (49)
45 -

-The refractive index itself is then ob:_ained by integration beginning with the
Ledge of the process

50 - NA!

F- I- -I
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Or

"° f"..y -- "o + --_ e_d>,

1
or

An tf . "•-y=_; e, Sy.

F
2. Axially Symmetrical _.Pa!

-concentric circ!es at every point perp
-the x-z-plane, i.e., symmetry prevails

_eS_._'_s with constant n should be

_ndicular to the y-axis, therefore in

with respect to the y-axis. Then,

(50)

(SOal

ly assumed as a straight line, (dx =

- On 9. _r
- _ = OV'_'

_ "r----}/z'+x', rde=zdz+xdx,
_ 8r x

$_-=¥.
I

f-Since every ray of light may be practi al
-= O) is

- dz = "dr.
-- Jl

_-Introducing these values into equation (46) produces

', a,,.-_-'d,.(_.).,,,, -- 2 W"
ipmjg I •

/• ! On
(e,),,.y.---2 _" e,

,'mJ 8

1,,1,..,.--2/"

I

_;;_--@ff dr,
--,Z|

t 8n •

_._ _._-_dr.

(Sl)
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I0

....... _a- In order to evaluate these integ ls, let us divide the cross-section

_-int° a series of concentric ci_clSS0r_C _. _ure 57) and in each ring posit

- i i°_
- C _-T= const=/t_

- I • _ and
- I On
- _y = const =_ Ya.

-Then, for the deflection which the ithllight beam experiences in the Ith

-circle (n in1:roduc,_'das a factor approximately equal n0)

are valid.
Both integrals can25

3O

(52)

5O

(53)

(54)

light beam may then be written as a sum
different circles

A-i --.

nO A--Ii-
, '_, r-,/_.-,-_,,]_F__<,..] :

"i "''" =_-_' W _,_ " ' c_) i
Each equation (55) contains its own b_ J.s for evaluation. With the ex (or ey.)

measured .for each light beam L l, _l (or _!) is found; equation (55) for light [

_beam 2 then contains only P2 (or _2 ) a an unknown, only u3 (or v3) for light |

eom 3, etc. until all of the p (or _) of the cross-section are determined.NAS_X

/371
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lO

i- The values for the functions in

'_ "- Lf

' '-Lit

,,..l,oOIs_

1-
t--i,-

_Figure 57. Division of a Cross-

_-Section Into an Axially Symmetrical
t--Field in Concentric Circles. z-Axis =
_= Optical Axis, x-y Plane = Ob_e_r Pac

20 _Piane; y-Axis - Symmetrical Axis

-of the Process,

25 -requires previous evaluation of a larg

-same radius have the same n. Thus, ax:

-axis alone, but also to the x-axis. T]

30 -were set up in the axially symmetrical
_ly valid here for the x-axis, too.

In this case evaluation is cons

_-cross-section going through the center

35 Iclearly. determines the condition of th I

_ Thus, evaluation of such a cross

_(55) is sufficient. The second equatil

deflections are zero for symmetrical r _

k0 _ Irregularities in the Refractive

)r_ckets in equation (55) can be com-

)uted once and for all for a d_eflnlte
tivision of the cross-section.I The

refractive,iLt e index, itself is th T found%y z_'egrat zng

r_On\ dr +"o
or

9,

t/_. _ d
. (r, y) = jt_--_--_ " >, + ,,0.

(56)

In practice only the first of
e Soahc_e two equations is applied,

since these provide for determina-
tion of n directly from the eval-

uation of only one cross-section,

whi_e making the other integration

,_rnumbe_ of other cross-sections.
! (4'9

Lal symm+t_ does not apply to the y-
lerefore|the same re2ationships which

field for the y-axis are corresponding-i

Lderably simplified by the fact that a

of the spherically symmetrical field
entire spatial field.

section according to the first equation

)n (55) does not apply since the lateral
_as ons.

Index. Sometimes the refractive index

-in a schlieren does not increase steadilyl from n0 but jumps to a certain value

-of n. This is the case for all explosion and firing phenomena in which a

"shock w_,e from the center moves fox_rd with a sudden increase in pressure

:,_ "and refractive index• If a schlieren_roduced in this way were divided in
-accordance with methods mentioned abovb into a series of very narrow zones--

_pract_cally _mposs_ble _n most ceses-.-[, the _nf_nxtely steep r_se wot.ld al-

:ways be flattened out into a finite rt_e across the first zone width. However
_with an e_ual An at the same spot 9_%_e schlieren, a finite rise produces a

5_ Lgreater deflection of the light ray_than an explosive rise, as can be s_en

/37__!
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J
rom the above equations and from Snel_ s law of refraction. Vice versa: if

_-e is given, too small a An is pbtai_ed_fr9_ a flat rise, and only a series of
_steps bring the facts closer t_euT@ei_ '_H:_. Therefore it is necessa_T to

5 _take An d_rectly from the Snell's law ,f refraction wherever the refractive
_index cha_ge is unstable. The. relat/o; ships, derived for the inside o_ the

' schlierenpreserve their validi_ e_sV'_ %o_r. '¢
i20. Determining the Other Equations o State /

I

10 _ In all matorials the index of re: faction is in a direct relationship

ith density p,and the formula provides by L. Lorenz and H. A. Lorentz is
ivalid:
!- i

15 '- ,'-I I =k.
_ .'+2 e (57)

I

"This should be used for processes taki;g place in fluids. The constant k

-maintains its value with greatCpTeciS_m _enc_n changes of state; it is desig-

-nated as the specific refractivity of She particular material; multiplied by

_the molecular weight it produces the mglecular refraction.

i ° | ° ,

C However, when only processes in _ases are concerned, n is not very dlf-

ILferent from I_and n_°÷ 2 _ 3 can be po_'ited f1"_-st; thls" produces the formula

_'of Newt on and Lap la_ce ......... _L ........ i (__.4':_......

,_ .t--1

e _ :_k: (s8)
I

I

this can be further simplified by positing n 2 - 1 = (n + 1) (n - 1) and, for
-n + 1 _ 2, introducing: !

.--I 3 "

e =-_-k. (sg)

I
-This formula was first established by _ladston and Dale on the basis of in-

-vestigations by Biot and Arago (1806)'I
!

I The indices for constant k may bb taken from Table 3.

The gas formula below is used wi_h gases for computing from density toressure or temperature: !
45 F _ Re =_.T.

i- . (6o)

i° [en_p, p, T, R and M represent pressure, d sity, temperatur2, gas constant and

50 _molecular weight. If p', p' and T' Ni_iricate the corresponding data for a

2O

25

3O

35

4O

/373
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L_changed condition,

i-
I

I: TABLE 3.
10 _-

I

E
_r" r

I
t-
l

P
L

2o L

L
p-

I

F-
_2
1
L-

L
I

.............. i ..........

i
I

o P

Cover Pn,le Ti t ie

/
SPECIFIC REFRACTIVII[Y

!

Tem-

per,
a-

Haterlal

AND MOLECULARREFRACTION.

R D
Formu I a _ure _ = o,_9,

/°1;

e kg/cm,

Qxygen ....... o=
N i t rogen ...... 1_,
Hydrogen ...... H,
Carbon Dioxide . • CO,
Methane ....... CH4

Acetylene ...... C=H,

Water ........ H,O
Carbon tetrachloride, ccI,
Carbon disulfide . CS,

Ch'l oroform . CHCI,
Hethyi alcohol . CHa(OH) 18 !.33OOl

Ethyl alcohol .... CmH_(OH) 18 t.36306
Acetone ....... (cn_hco _8 1o3596o
Benzene ....... C,H, 18 1.5o296
To 1uene ....

0 1.000292
0 27t
0 297
0 143
0 449
0 444

0 5t0

18 1.33300
18 t.464 55
18 1.62887

18 t.45008

0.0ol 293
1429
t 25t
0090
t 977
07t7
t 17t

0.9986

!.593o
to263 2
t,448 3
0.791 5
0,7894
0,7920
0.8787

Ho ecular
Red'faction

o,i505
O.t264
_i 583
t.0595
o.t514
0.4128
0.2903

o- o o!I 17,
0.1734 26.67
0.28t3 21.4t
.%1856 22416
O.2578 8.26
O.2_! 7 12.97
0.2784 16.16

i0.3364 26,26

4.35
4.04
4.43
2.t 4
6.65
6.62
7.55

(61)

30 E C:H, ;18/ t,49904 (hS659 i0.3391 31,22

LLTo compute the pressure and temperatu_ separately we need more information

about the kind of change of state. L_ us consider the following cases:I
35 __ 1. Isobaric Process p' = p. Then,
L .! .

I_ ¢
_--=-_r. (62)

40 _This relationship is used, for exa_lel, in evaluating all the_o-hydrodynaic

processes. In these cases a chang_ iq density is caused practlcally only by
a change in temperature, and pressure lis to be assumed as approximately con-

m I
45 _ 2. Isothermal Change of State I' = T.

1
b-

P'=" (" (63)
Fo _ P ._!' . .

_l'r. Note: Coma; Indicate decimal notn_,t in Tahlp. 3. __

L_]
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........ I..... ]i _ Free isothermal changes of state in which a change in pressure would
l . , .

_-have to be measured are practl_allyr, ex¢_uded. However, equation (63) could |
_be used tq compute the hght de_lec_m_ z_ an air lens between glass _urfaces I

_if the le_s can be filled with measur_ ly adjustable air pressure an_main- ]
5 _-tained at/constant temperature_ The Zq is_ _ompany suggests using a d_vice of

' 1 Cover Pace.i e _ ,this type as a standard schlieren. - _!
- 3. Adiabatic Process. With P = P'

_ pD wK10 P

_ ,  _er"
- _=xe1' . (64)

t15 -Small changes in density permit the fo lowing transformation:

- I,'_-0
-_ _I+_!_ -'

20 _-- __ _ zl__e_e.. (65)

_- In the following table we provid,_ for air, as a function of n and of

25 _-the change in density as a_percentage ,f densiSy _,,9°C:

_- I. The corresponding temperatur, for th isobaric process,

30 _ 2. the corresponding pressure f .r the isothermal process and

I 3. the pertinent f]ow velocity _or the adiabatic process, namely

a, expansion from an air pre ;sure tank and
35 ' b, in a sound wave with fini :e a_litude.

I In the first case the flow veloc Lty u is computed according to the air-pressure tank formula of Saint-Venant md Wantzel (1859):

40 __ u=a o I-- ,"

(66)

t--

45 _where a0 represents the velocity of sound in the container and O0 is the den-

_sity in the container.

the flow velocity u' in a sound _ave with finite amplitude, correspond-

ling to an adiabatic change of .st_¢_ h the assumption of a linear flow
50 _process, follows from equation.

I
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i0

15

2O

_q
L

3O

35

-" Uw 2'a • x--I

C_ver Pa_e Title

_-H_;;u;hr:_;:_eths thesoundSOUndwaveVelocitypasses:diaracteristici of the state p,

- i
-- . ,x[_T

_ a -----V" _/- ,

and p' represents the density of the pint

Tempe ra t ure

Refractive _p in _; of in *C at
Index n the Densit' p = 760

at O*C mm Hg.__ -

0
I

t,000292
29t
29o
289
288 -
287
286
285
284
283
282

0
0,354
O,708
t ,002
t,4t6
t,77
2,13
2,48
2,83
3,t8

• 3,54

- 4.

with flow velocity u'.

Pressure

in mm Hg
at t = O°C

-q60,O
757.4

Velocl t_; -

in m/sec

a b

0
27,2
39,8
48,7

2
3
4
5
6
7
8
9

I0

754,5
75t,7
749,0 56,3
746,5 ' 62,9
743,6 65,9
74t,1 74,7
738.3 7"9,8

735,7 84,6
733,1 88,3

0
t,2
2,4
3,4
4,8

6,0
7,2
8,4
9,6

10,8
12,0

Change of State According to

-case of determining the pressure in an

/40 g-at the front o£ the pressure shock tak ;s place according to Hugoniot's

equation I t _.2__ {.h P'.l+ ._1

45 t-

i-
!Whence

50 _'rr. NAS
Note: C s nd __

I (67)

(68)

(69)

FL_3
Even Roman Odd
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-whence

2 @' FQ'--Q

p 2O
x--1 @"_-Q

(69a

The dispersion velocity of the font of the shock wave w the flow velo_0
-city u and the change ifitemperature c be similarly computed_. For a shock

-wave traveling in air (p = 1 Atm., a = 540 m/sec), the following relationship
=holds :

15 -

- TABLI 5.

'-- °" ,, t¢ kd

_-_ _TatmuPr:r Relatlve Change in theL Density Refractive20

i Wave Velocity FloWity VelOuinJumpPressurl: i Jump ndex An
w in m/sec inlJump int J'

E .... (a - o,_$9_ .m/sec i Atm. J oc | *. x.n_ Ii_ne)

" 340 o o O O O,OOOOOO25 360 32,3 O,14 !0.0 0.102 0029
380 62,0 0,29 21,2 0,202 0059

i 400 92,2 0,45 28,6 6,307 .O09O

450 160,2 0,88 58,7 '._ .0,561 OI64
5o0 223 !,36 85,3 0.819 . 0239
750 495 4,52 - 246 t,968 0574

1000 734 8,96 46t 2,81,4 0822
30 _- 1500 1181 21,6 1068" "3,78 . II04

200O 1611 39,3 1910 " 4,26 1244
2500 2035 62.1 3OOO 4.50 .. ,_ 3*4
3000 2460 90.0 4330 4.64 - ".356

4000 330o t 61 . 7 720 4,80 t 403

35 _. 5000 4t35 252 . 12050 4,88 1426

h
In dealing with fluids, to convert density to pressure in an initial

_approximation it is sufficient to ignore the influence of a change in tempera-
'-ture and m&ke the change in density proportional to the pressure:

_J___o=,_._ p.
e (70)

h
L

45
_Here y is the conpressibility. Its numerical value is given in Tables 6, 7

_and 8 for several fluids:
/

_ISee also Hm_Zbuoh fu_ Phye_.k [Handboo for Physics] (Geiger-Scheel), Volwae

50 _VlI, Article by Ackeret. NAS
r_Tr. Note: Comus indicate decimal pol ,ts ILTable 5.

F C ] 71
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i- LrlTY Y = !._.__p...I- TABLE 6. COHPRESSIBI IN ATH -1"106 FOR WATER.

5_-- I Page '?n,_'T _Pi I

F Pressure in Atm. o' ,o' i .oo .o , ." I ,."

t-- t00 5t,t 48,3 I 46,7 44,9 45,5 46,8 _
L !00---260 49,2 46,3 44,3 42,9 43,2 44,9 I 48,3 --46,8 81,4

200--- 300 47,8 45.2 43,3 41.6 4t,7 4_,4 45,5 76,8I0 3O0--- 400 46.6 44.1 42.3 40.7 40.6 42.1 44.2 72.3

400-- 5O0 45.4 42.9 41.3 39.9 39.7 40.9 43.0 68.8

I 500--Iooo 41.7 39,8 38,5 37.1 - 37.0 38.o .T9.3 ¢---

t000--15o0 36,2 34,8 34.0 32,6 32,8 33.5 34,4
! 50o---2000 32,4 31,3 30,6 29,8 29,9 30.3 30,8 --

,_ 2000---2500 29.3 28.7 28.0 27.0 27.0' 27.4 27.9 --

]5 _ 2500--3000 26;! 25,7 25,4 24,9 24,9 I 25,4
25,8

V
i

?0 !- Cover- P-.a e Source
. =/ Ap -1
_ TABLE 7. COMPRESSIBILITY y --t_"_- IN ATt.t .106 FOR ALCOHOL. /377

"!
1 t "
_- Pressure in Atm. o. 2o. 4o- 6oo i so. iooo 2oo.

251 I
_- I-- 5o 96 !1t 125 .....,
L ...... 50-- t00 9o 104 118 t36" [ t5t --

; t00--- 200 84 95 to7 12t [ t38 158 --
200-- 300 . 78 86 96 107 122 138 333
300-- 400 73. 80 87 96 !o9 t22 258

30 _- 400-- 500 68 • 73 81 89 [ 98 109 216

_ 50O-- 60O 64 69 75 82 [ 90 10o .182
- 600--- 700 60 65 70 . 77 84 92 t56

700-- 800 57 62 66 72 78 85 t40

- 800-- 900 55 58 62 67 i 73 79 t29

- 900--1000 52 55 59 63 [ 68 73 t_9

35

Compressibility decreases with creasing pressure, since the individual
Lvoluam o_ the molecules becomes much m_re noticeable; on the other hand, y

Ithe_increaseSfollowingWithformula:risingtemperature I . _e prevailing temperature is given by

[... -T-- e.c_, P, (71)

45 _where _ is the cubic thermal coefficient of expansion, p is the density and

Cp is the specific heat (under constant pressure).
i

I

FIPartially abnormal conditions exist I_ water.NAS
5O _Tr. note: Comas indicate deciaal poi its in Tables.

i
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k
5b

1

ff

I

15 _21.

20

_5

3O

35

4o

45

Eo

TABLE 8.

I
i

.......... r ............

I

COMPRESSIBILITY !A._2._ IN ATM-I-io 6 FOR CARBON

_g,_ _ I i _'TETRACHLORIDE.

Pressure in Atm.

t_!00

100--200

2_ .)o_300

3oo--- _00
4OO---5oo
5oo--6OO
600--.70o

IO0

9O
82.
75
68

62

56

Determination of the Shape of the Surface of Plate Glass or of Reflecting t
Surfaces I

i it is assumed that th_ ligh_ clef_ection of the light passing through[
If

e

a plate glass is conditioned oh_e_y _ce _ Of the surface and not by alte_
tions in the refractive index, the following simple relationship obtains

etween the angle of deflection e determined with a schlieren method, and the

L ._ ! .... !
- b+e
_- ...... a -- n, whence a -- _72-_-

-Here c is the maximum deflection exist g for the particular point. If only

-the deflection in one definite direction is measured, so that
/

- E m E: COS _ or E:
x y

-(B is the angle between the direction

.tion), we get

= s sin 6

_f maximal deflection and the X-dire¢-

l_r Ey
0,-- *) cosp = (-;;---:i_ii,-_-" (73)

The change in thickness Ad is oblained

.l

A d= /c_,dx= ] d,dy.
•le, y, *¢** Y,

dire:tly by integration

(74)

V- --rr"
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i

j_

!

6 is to be taken as a vector witdthe components 6 and 6 :
Pag<. <_c F, it{c X y

i Co_, " e Title

I! 6 = 6., in IB,
i y

and therefore (with 73)

/ /t e#d xAd= 6cos#dx--n.-i
J*" _e are, Ye

or
V

A d = f _. sin/_ d y = 4_-=g
fl, Ye *e, Ye

(TS)

If the shape of a surface is tS°b_"d_!

flected onto it and the light deflecti

,xbNN\N NI

'-_,,_,,,%,'.,_,!

_Flgure 58. Determining the Wedge-

>Shaped Angle of Glass Plates.

inc

def

vet

z/2

Detemlnlng the Shape of l
__FlguretheSurfece59" of Reflecting Surflces. NAS_

,_m_fi_C_lone, the light must be re-

,n e measured by the reflection. The
ination o£ the reflecting surface at a

nite point in relation to the surface

ical toithe incident light beam is then
(Figure 159). The elevations o£ the re-

, • ' I*

a::ulgsu_f_R_jJ{____g o___t_a__{7_; ....... !

aa--i f f ,,ay. (76)!
-II1_ Yl _rl, Yo

IV. Applications of the Schlieren
Method

Possibilities o£ applying the
schlieren methods are extremely ver-
satile. It can be used wherever the

condition to be investigated causes

a light deflection in a transparent
idiom; in addition the shape of a
reflecting surface can be investiga_d
by using them. Belo_ we shall not be!

concerned wlth an exhaustive report i
on all applications and results up to

the present time, but shall only
select a few significant items. ]

1

ve r, Roman Odd



y

{

/

• iii

!

!
!
i
t

L i

, ,i!:i

t

F.attention to the fact that in _any _cas(
':-sent a useful and simple experi_t_(:_t

_up to the/present.

h J _ ver Pa'
T22. Inve tigatlng Lenses and _;_ncave|

If the schlieren head itself is

_arrangement and the groaad-glass plate
i O _cal and chromatic defects become visib

F15

_Figure 60.
L-Concave Mirro, in Testing With
_-Foucault's Cu,cting Method.

F-

3O

35

4O

k

45 h

Previous and following explanati(,ns also have the purpose of calling

_. the schlieren methods really repre-

bSiLwhich has not been common_ used
I
I

Title I
r ror s

:onsidered the object, in the Toepler

is sharply focussed on it, its spheri-
e.

' In using monochromatic light or

concave mirrors (which in principle

Icannot show up color defects), only

the spherical defect is considered.

Marginal rays, zone rays and axis rays

Ido not have the same sectional width,

|so that in practice no position of the

Cover P_c_e_wn diaphragm can be found at
Sketch of a Spherical |which uniform darkening of the field

[-_-d-c%-iona-TW1--dthde_ifig _5y a de-££fi_
-appears colored when the diaphragm is
i

L- As stated in our previous remar_
-defects can also be carried out.

- The use of the schlieren diaphra
_of an optic was already mentioned in 1

-"Foucault's cutting method". Therefoz

-the Toepler schlieren method. Its pa_

-amination can immediately show at what
-purposes with a concave mirror, there

-sential, especially when correction is

of vision occurs when the diaphragm is
narrowed.

Wh#n multicolored light is used,

the red_ g_ or blue rays also have
._--_Jn-oUnt-_--s-o--t-_at--t-h-6-fiel-d-o---f9i_ _--6_

farrowed i

, quantitative determinations of the

:m to investigate the correction state

;59 by L. Foucault and is known as
._it can be considered a forerunner: of

:icular advantage is that optical ax-
spots, for instance for astronomical

_re still defects; this is very es-

done by hand. Figure 60 shows the ap-

pearance of a concave mirror upon which the marginal rays deflect too strong]}'.When the light comes in parallell7,

the mirror must be curved paraboli-

cally. The arrangement of Figure 61

can be used to test the parabolic

shape, but naturally requires the

presence of a plane mirror. Just as

in the coincidence method (p. 317),
the light source and the image lie

right next to each other.
_Figure 61. Ritchey's Arrangement fB_s

50 Llnvestigeting a Parabolic Mirror.

/379
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_.-23. The Investigation of Fiat Glass

-- very important area o_'_pl_rdadib_ _of schlieren methods is th_ in-

-vestigati¢ of flat glass, such as opt_cally ground plate glass, mirr_,r glass

-drawn table glass and plates of plexl_lass and other plastics. I
_ | CoOerP_gl_" Ti I !_. /

p_ane-parailel plate can have _he following defects (see Figure 62):Ah-

!
- 1. _e plate can contain blistees or inclusions of foreign bodie_
-(Figure 62a). These spots appear as black specks with the direct shadow meth-

_-od and are indicated very distinctly b)' the diffraction fringe of the li_,ht
_passing through the con_letely stopped diaphragm of the Toepler arrangement.

_'is defect does not generally disturb

annoying when it occurs on photograph

F- . ................
L_

i a b c d e
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2_ i_Figur e 62a to e. Faults Which

[-]_y---Appea r on Fl-bt--Gl-as_iT _-
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the optical arrangements, but is very
c plates. I

2. The plate shows schlieren in the

ow sense, i.e., it contains places with
'active indices which do not correspond 1
heSnordaal value (Figure 62b). The
itude of the light deflection caused by

depends on the value of the refractive

x and on the shape of the schlieren.

i if the irefractive index perpendicular

:he plat_ is constant and an n-degree is
parallel _p,_he surface, light deflec-

-_6_urs !_cr_ _quat-_-dK-(21T-_m---d--(3_-):-.-

The cause of the appearance of s_hlieren is particularly to be sought

30 _in the irregular mixing of the glass mtlt.

U 3. The two surfaces of the plat_ can each be perfectly flat without

-their being parallel to one another (F_gure 62c). In this case the plate

_hows a wedge-shaped defect which is n_t generally annoying, if it is of a

-constant magnitude for the entire plat_. Only in special cases, e.g., when

_ighting through such a plate_ is it i_portant to keep the wedge-shaped defect
35

-fairly small.

i A suitable method of testing is he lattice diaphragm method (or else

1 -the prism method or the Toepler arrangbment), where attention must always be
:: _ _0 _given to having the plate in question _n a parallel beam of/ ! light.

F
i _ 4 The two surfaces are not plahe, but their deflections run parallel

.:, _to one ano.her (Figure 62d). If the l_ght goes through without too oblique an
" _'! ,,_ _incidence, practically no defect is se_n on such a vlate However. if the

i_ ") _light is allowed to reflect onto the p_ate, the defects can be abnormally

• _large under some conditions The_eforb a plate must be investigated by either

• i _penetrating light or by reflection, de_ending on t_e intended application.

50 __ NAS
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5. Neither surface is plane nor lpaeallel to the other (Figure 62e);

:defects occur for both penetr_c_kg _ l_ef,_cted light.

L ! i , | t mo
FThe follo_ing course of actionC_i_e_oP_alet_k_l_to determine the trueodondition
Eof a plat_ _der s_ch circumstances:_rst _he shape of e_chsurface _s to be
_investigaOedlquantitatively and a refl#ction image of them is to be t'aken for
|this purpose . Since both sides refle%t, unde: certain conditions an evalua-

lO [-tion of both sides can be obtained iu_m_diately from a single exposure with
_the lattice diaphragm method. If reflected light from each side cannot be

clearly distinguished, care must be ta]:en that only one side reflects. Natur-
e-ally a mirror coating is always succes:',ful. However, the temporary back can
_also be coated with a black lacquer. _en this will not reflect, since the

]5 Llight in the lacquer layer penetrates tlmost completely because of opricai

Icontact and is absorbed here. In inve ;tigating both surfaces successively,

_clamping the plate a second time shoul be avoided if possible, bec,ause other-

[-wise new deflections could occur and g ve rise to considerable defects.

i'C _ An ebsolute measurement b_'_'_[c_%'s%Cshould also be made in all

l-cases, since the schlieren methods all<,w only alteration in density to be

[evaluated.

I

1 With the assumption of a constan refractive index for the plate, a

25 _knowledge of the shape of bo_h gurface_ allowsl immediate computation of the

__dafects_£or__pene_g light. 11ev/_t_als__in _ra_al_maasarements-op_u__-

to these values are then to b_ attributed to t_e existence of schlieren.

L
Let us discuss a few practical e_amples 0f these facts below.

30

Figure 63 shows the Toepler schl[eren exposure of three optically ground

plane plates which are to be used for ,ellow filters. The topmost one of them,

-has a zonal grinding defect; the plate to the left below has a spherical de-

-feet, i.e., either one or both of the ;urfaccs are not plane, but part of a

55 -spherical surface of very slight curvature. In this case the distribution of

-the blackening remains ilentical when the plate is revolved in ira own plane,

-while a wedge-shaped defect becomes noticeable because of the great dependency

-of brightness on the orientation of th plate. The lower plate on the right

-is free of defects .ri.e., within the liimits of sensitivity of the sgtting).
• 40

- Mirror glass is grouna and polishes mechanically in large shcet_. Since I

-the original material is uneven and th s grinding process very rout, the pl_esl
-become bent during the grinding proce._ s. In addition, stresses c3_sed by i

_ -temperature differences _'uringgzindiv Z can provoke secondary deformation. As
" _a consequence of this there remain _el _cts which cause deflections of the order

_of magnitude of several secovds when _e mirror sheets are mass produced and

_-IThetwo colored pictures 126 and 1_ Plate I provide as examples the ex-
_0 Vposures of the surfaces of two dist'_ I_ glass plates taken with the lattice

/381
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L order of magnitude of up to 2 minutes _an also occur with local deviations
I " • i

_.lusually am|ountlng to on_y a fe_e_n_i_i" T'"Colored_ Figure 64 on Tab'e I pro

-i.:, ,_" 1 ¢o_'e, i>_: Widb_l,.the example of _n expos e made

with the prism method of a mir_cor glass
'/" :•":"" "_" " •' •' "'_'"_| plate. The shad,: of the pla'ce, rela-

1O _" i > : tively uniform but very different from
. the backgxound) is caused by a constant

...._-_..ii wedge-shaped defect; otherwise the

, __:_i :..i ...•.._!_ ,plate has only a few insignific_.t

: schlieren. In contradistinction to

.".i Ithis, considerable deflections occur

r-__ _ Ii If the glass is tempered during

_- OVCF , ,-_ _ .u , " "

' . _of cold air, strong interior stresses
L _ ...... i loccur which give the glass ._._,-_,_r_ble

)

LFigure 63. Yellow Filters In the Istrength against ne'_.7"nai outside pres- ]

_-Toepler A_r_nn_em_t. Upper Plate, isures, ,Figure 06 shows a Toep!er
_5 TZona] Oefec'_s; Lower Left Plate, Ischl.ier#n image of a glass plate of 1

!this type., ,¢poling was carried out by
"-Spherical Defects; Right - Plflte; ....... l-us_ng

n_--_

_Free of Defec:_. ;_rom which cold air flowed. The zc.sult_
large-_umo e,-

. of the_nside stresses built up in this
way is o deformation leading to a ]in- I

30 L _.7_:_:"_-:-_---a_._'!:"_7__,_ ear type pattern of the schlieren image.

_- : .- .-':',-'._="_._ Today normal sheet glass is ei=her

i "i_:i.: .... "::;........ _'_'_""_'_.'_..L_f-._l: drawn from a nozzle (Fourcau!t method__5 _.....:... . ..: ..... ..-"'......_.. _=. or produced by the Libbey-O_ens method.
..... .+- '_)__--_ Formerly it was blown by mouth, but

__.i_!_.: . "" mouth blown glass plates are hard to

I __,'_-..-- obtain today. They may be immediately_: _r_ _............. recognized by looking through them and

___::';_-_"___ bv reflection because of the irregular
_0 _ _.:I_j:t,._,._/_._'._jS-,Z.:_._ .....j r.atare o_ the light deflection (Figure

t _,_ .... . : ----- _ 67 on Table I), while machined glass

usually has drawing streaks in a long!-
.---! - " :- ""_ tudinal direction {Figures 68-70),

.. The exposu:-_s _n Figures 68, 69
_Flgure 66. Tempered Glass (Sekurit and 70 on Table II aze taken from

'_Saf:ty Glass). Tempered By Blowing the same glass plate (plate size

LAir From Nozzles, Linear Structure 25 x 25 can, 4/4 glass). The lattice
Lof the Surface. NA_h co_,staztt of the colored lattice

50 _ l' diaphragm used was 2a .---3 mm for

1383
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_-Figures 68 and 69 with a focus depth o4 the concave mirror used K2 of f' =
! )

i-= 350 cm (cf. Figure 30). In _ _:syithe_,occurrence of the first color (red
I-or reddis_.=brown) of a deflection of E - 2a/f' - 3/3,500 _ 3 rain N& the

:_, diaphragm fin Figure 68 is oriented ver_ically and it is seen that thd deflec=

_tion of 3_in is reached only _v_ma_L_ar_tm,_t the upper edge of th_plate.
VThe same t_late is the subject of Figur_ 69, but the diaphr; ,n is oriehted

horxzontallv. The deflectzons are essentially greater and extend znto the
[)third order'; the direction of drawing _s strongly marked. The plate in Fig-

!0 _ are 70 was taken, with a round lattice diaphragm so that here the absolute:

i value of the light f.eflections were made visible independent of direction. By
I a direct comparison of Figures 08 ,and
!-deflections perpendicular to the dra_liltg streaks are present. Therefore,

I Fzgure 70 must agree almost completely
,; _ case excep_ for a diffsrent color seqm

r
Sheet glass is divided into thre_

_9_ it is found that practically only

with Figure 69, a._d this is indeed the
._nce.

quality classes today:

I 1. Structural Glass, First Type_ defined Ly DIN 1249"
2(! h _,_vel r_i,I, "_)_!F_.,_'L_

The glass may only contain s_all inconspicuous defects mad faults
which cannot be completely avoided during production. When looked through at

an angle equal to cr greater than 35 °,|Perceivable waves, streaks and schlierer
i-m_st not distort the image. Blisters _nd scratches may only appear in isola-

?'; -tLon, but not rather large scratches.

; This type is specified for g_azing i_ hioher-c!ass residences,

_publi_ buildings, store furnishings, eLc.

L
30 [ 2. Structural Glass, Second Typ

The glass may contain larger

|manufacturing process and 2n greater s
numbers of defects produced by the

Lze than with structural glass, first

_type. The waves and schlieren may occur more significantly than in structural
35 _glass, first type• If special xequire_ents are not levied upon it, this type

Lc_mbe used for glazing factories, sho!s, simple dwellings, etc.

• Glass which does not mee_ th_ requirements of the second type is not
_fitted for buildings. It is designate_ as greenhouse glass and may only be

_0 _used for nursery purposes.
i

Up t_ the present time no exact method for distinguishing these classes

_of quality has been introduced. Nume_ou: measurements _of glass coming from
_a number of German companies have show_ that the maximum mean light deflectio_

_ _for penetrating light amounts to i 3/_min for structural glass, first type

and 2 I/2 min for structural glass, s_cond type.

5o _iCarried out by G. Statureat the Bal_l_ic Institute of the Air War Academy.

i ....................|
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__ The 'greenhouse glass" quahty o#curs often because under certain con-
_ditions locally intense drawin_tr_ak_:,; schlieren, etc. occur while large
! areas of t_e same plates can be otherwise very good. In Figures 71, 172 and
r- Ti73 on able II three typical representatives of these three types of _lass
_are compared. In order to mak_isi_t_ the_ _bsolute value of deflection, a I

_round lattice diaphragm was used again (lattice constant 2a = 3 mm, _ = 350 I

cm, i.e., _red = 3 rain; yellow = 6 min)_ In Figure 71 (structural gla_s, firs_
type) no colors, but only a darkening,loccur; this corresponds to a deflectio_

IO _of 1 1/2 rain. However, with structural glass, second type (Figure 72), angle_

i-of deflection of 3 min (i.e., red coloring!) are reached at some points, |
I

_while the image of the greenhouse glas_ (Figure 73) appears quite variegated I

i5

i

2o F

__ . ¥i
! .....

.....
-- 4&

t-- °

L(angle of deflection up to 6 rain). Thlm on the basis of the colored schliere_

Limage, one glance can definitely tell 1:he quality of a plate glass and I
|pure estimates are no longer necessary Not only the maximal light deflectio_

_but also the distribution of the diffe::ent large deflections on the plate, ar_
Fconclusive in evaluation.

Just what is necessary for
Oover 9a_._ , _:_heet glass and what must be

tested? Schlieren methods di-

---_--_-:_____ _ectly furnish the angle °f de- 4lection E. This is decisive i

_.g., an optical measurement is|
/ to _e _taken with the glass. In- I

• _o_e _f-t-h_---q
........ _ngle of deflection provides the

_,- ange in density of the plate. '

""' :" ' .............. ' This is of importance in deter-I

! _

"'J l I'-# i _ I . _ $#_ II
_mlll_i_l' iiii ?_I_| 'iI _llillllllill, IIII711T I I II III

F

• I_ _ ." " " !

....

'- -. , -, :
"e i II _ II ill JO J_ ill _ ,lim,

1..

_Figure 74. Alteration in Density Ad,
rDeflect-ion e and d ¢/d x in Hachine

45 rGlass.

90 _

mining which defects exist in

the madline when the glass is

drawn. However, what particular

ly bothers the eye is neither

the change in density of the

glass directly nor the size of

the deflection. For, if the

plate had a very strong and con-

stant wedge-shaped defect, this
would be almost imperceptible

_o the eye and the plate would
appear free of defects. From
this we know that the change
in "_he angle of deflection

d_-/dx is important for an effect
which disturbs the eye.

N;35L ................................................

Even Roman Odd
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_We find dE/dx by differentiation of th_

_-deflection. The change in de_ity _dj
_-for one c_se I. '_';_ _'

!

Several examples used in_ describi

_also be u_ed to investigate ot_: ob_j_

i-vided the_e (Figures S, 9, 42, 43) shoL

_ empirically obtained curve for the

s_ and dc/dx are plotted in Figure 74i !i ,."

!

ng_ the various schlieren meth_s can

_a_e of glass. The exampl_ pro-
tld be sufficient in this conndction.

t

G _-24. Thermo-Hydrodynamlc Flow P.henonmn,a in Gases
F

In enumerating several applications of schlieren methods, we shall firsl
_mention the best known. In setting up|a schlieren arrangement, the quality

_of the optics used and of any built-in|cells must be explained first. After

_this, the apparatus is generally teste_, always with the aid of a flow processl• 1
5 _generated by heat In gases: a burning _atch, a candle, an incandescent bulb

Lot the warm hand. The mean light defl'_ctions for these cases were given in

_-numerical values on p. 340. The qualitl of the structure can be judged accord-

ing to this.

,,_ i- Cover P,: Source

The use of these processes as te _t objects is so appropriate because

_slight differences in temperature caus a relatively great change in density
L(see p.37S).

_L- _- But how can schlieren methods be applied to the scientific investigation
_.of thermo-hydrodynamic processes?

une problem which has constantl stimul edyl al new research because of its

difficulty is the determination of hea_ exchange between solid bodies and

30 ifluids °r gases2" I

L Although mathematical solutions_f the pertinent differential equations
-have already been found for heat exchange to perpendicular plates with free

35

40

-convection, in harmony with the test c

-satisfactory solutions for complex bod

-pipes of circular-cylindrical cross-se

-application. Theories for this proces
-well as by others. (Cf. R. Hermann,

-validate theories of this type attempt

i-ture field with thermocouples. Althou
-field in general will not be very affe

mditions, we are still far from having
[es. The heat transfer to horizontal

:tion has special interest for practical
5 have been advanced by Langmuir, as
)E-For_oh., No. 379} To experimentally

have been made to measure the tempera-

|h it is certain that the temperature
cted by very thin wires running through

-it, right at the place where the measurement takes place, i.e., at the surface
_of the thermocouple, the velocity of the flow will be greatly retarded. It is
_difficu]t to judge defects caused by heat conduction and radiation; this is

":_' _IThe curves represent the evaluations
Lplate shown in Figure Sl. In this cas
_ing to F. @eidert's method described ¢

-2Cf. the thesis of Joh. Gaebler (Tech_

_0 -which some of the following data ar_

/386

made by Prof. Weidert for the glass I
• the deflections were obtained accord-

n p. 362.
ical University, Berlin, 1935) from I
tken. I
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_-particularly true in the immediate neil
_erature gradient can reach values o_f t_

ha rather _ong time is also requ_%a_

_must be d_ne point-for-point, it is exl5

_them. -] Cover Tag
_-distortiods of the temperature field oJ

/.
r- For these reasons, the purely opl

l0 _using schlieren methods, offers consid
_temperature field is not disturbed or

-assigned to only a single point in tim

- In 1932 F.. Schmidt used the dire

--The shadow image immediately provides_5

;hborhood of the pipe, where the temp-
. oTder of magnitude of 600°/cm. Since

e_'ure the temperature field,t which

:remely possible that uncontrollable

_ten.•I_ e_ter_:_ the measurements anl falsify

t
ical investigation, as is possible by
_rable advantages because here the
_ffected at all and the measurement is

:t shadow method as described on p. 35&
he maximal temperature gradient and

-the limits of the temperature field, i
- I I

• " " ' Let us agazn show the relat- I

V'__.__L__ - : - i ionships schematically in Figure
_ 5_>_,7__. The parallelly incident light i

isdeflectedmoststronglyatwalll
-___-_-- " _ ]] W of the heat radiating body (wal 1I

ti0n [ex]w). Deflection s x de-26 _ " !
{ F,gure 75. Light Deflection in the f
_LLcinity-of--a _iating Body ..... _.........

-The result of this is that the light r
30 -tance from the process. If the light

[Zb_ a sort of focus line is establishe

-rays bypassing wall W lie farthest c

-these rays can be determined with comp

35 -method. Moreover, the area in which d
-on the exposures it projects a complet

-76a and b show two examples taken by _

- The heat conductivity index can

40 -type. Let:
I

- PO' PO' TO' no be respectively t

_refractive_ index of the gas (in regula

45 _
p®, p=, T, n®, the correspondin

V
_from the heat radiating body,

L
50 Flcf. also Figure 46.

cr_as_,_hen the distance x from
th_ wa_il--in-6re--_--es,-unti-iatx---
!

it{is practically equal to zero.

_ys overlap beginning at a certain dis-

LS collected at approximately a distance

there. At a greater distance g, the

,,tsJde and therefore the deflection of

fete reliability by the pure shadow

eflection takes place can be provided;

ely dark area around the body. Figures
Schmidt I.

ow be computed from exposures of this

ae pressure, density, temperature and

r air) at TO = 273 ° abs,

magnitudes for the gas far removed

_m

Is2
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25

3O

35

J*O

5O

I ....

i_ Pw' Pw' Tw' n be the same magnJ,tudes for the gas in the immediate

T

_-Figure 76a. Shadow Exposure of Eguations (47) and (47a) are to
Ea Plane Heated Plate of 50 × 50 be useii for this case, and therefore

_-cm2 Surface and I on Thickness at the value experimentally determined
I--]-]0:] 35_C--(WTth6u_DTaphragm3. - ......... got tl_-_/i_lt._f_-the _wX_-

! ,Air Temperature About 25°C. !
; 1

(_,). = -,da

(a._ _= _. (77)

_% = T,".-/-"
First of all the disruptive effect of_he ends was not considered. Only the

_temperature gradient _T/6x in the immediate vicinity of the wall is desired.

We used equations (59) and (60) to coTute from an/ax to aT/ax:

r- .- I .o --I

I

I._ _. _!
, ;-, 4., . :. _", "?. F%..

__-:_i _igure76b. Shado__mageo_ _ Heated
_i.;, __;':_':/ " :'_ Square Pipe of 25 x 25 mm2 Cross-

-"::"_>/ _ _ 8_ _. -Air Temperature 23.7 C._i_;i_ _.:_. ,. :_ :,;;: \'_ov_r ,_l_,S_cti°n_rc,_ Wlth a Diaphragm a_:o52°C and

: ...... _-_,-,..:_,._,,._:_./;;

e ! e. (78)

For air n o = 1.000292 (at _ = 0.589. _, TO

. = t + 1"0--I) _-.

can be rei)laced by ToP/TPo by us'@g gas equation

= 273 abs., PO

(61) :

= 760 m_ Hg)

(79)
7

?

_/o 0

C-
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/
Her_ p = Pw _ P®.

!
Differentiated for x:

I

]

Co_,'e e ];tle

(80)

r-

3

h
L-
i

i-
lot-

i-

E
t

_st-
t-
b-

L
I

2o T

r'-

L

a,, (,_, - t) ro i,_ 1 aT
ax- k, _ _W" (81)

For air:

(n o - 1)T0-= 0.000_92-273 = 0.080.

t

Therefore with (77) Cover Pa_ $_,Jr_c'_ "

1
.l_r_ _ - _ _ p. ,,. _,,

i . _axl.-- (,,o-_)ro _L t, g (82)

25 _- .... ' -
L

Ltween plane-parallel walls, n w would b exactl_ equal to n 0, so that the edge
I

_conditions must also be considered in ther ca_es.)
30

If we insert the numerical value for air, we get

I_T_ _ 760 mm Hg Aa

35 _ (._-).=-_,s ..--T_--- _.-_" (8s)
I

!-Using this equation and a schlieren e_osure made by the pure shadow method,

_the temperature gradient can be computed simply for every point of the surface,

hO _ If a represents the heat exchangeI index and _ the heat conductivity

_indez of air at temperature Tw, the followingt equation can be considered a

definition from which the heat exchan, index can be computed
|

_ (r.-- r.)=__/_r_ (84)

i However, determination of the,,t_al temperature field by the direct

50 , shadow method is not is-ediately poss le. Such a detemination was first

18-_ L_3
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F-carried out by using an interference rqfractor (Kennard, 1932; Schardin

_-1933). But the schlieren methm_, aLlS_ i_tt_ measurement of the total temper°
_ature fie_d (Schardin 1954). |
m ! t![- In _asuring with thermo[c4_ema_eT1e_gth of the heating pipes can be

-so extensive and their surface temperatures made so uniform by intensively

_heating th_ ends, that the flow process can be assumed as completely ",-bvenin-

[-side the pipe. In this way the measur_ ments are exactly valid for infinitely
i-long pipes.
c-

_its However, when optical methods ar# used, the pipe must be penetrated in
longitudinal direction, i.e., in t_e first place, pipes which are too long

L--

! cannot be used and in the second place, inot only the inside of the pipe, but
i-also the flow process at the ends enters the evaluation. In his thesis, Job.

._Gaebler tried to eliminate this edge defect by taking measurements on two

_pipes where all data were maintained e_ual except for pipe length.

_- -. - :_. -,.,_" ,. •

- i
LFigure 77- Exposures of a Heated Pipe W!th th_ Lattice Diaphragm Method.

_Left, Vertical Diaphragm; Right, HorizoDtal Diaphragm.

- Naturally, this method by differ ;ntiation requires precise values and
-consideration of all defects present.

Figure 77 shows four evaluation ;xposures made with the lattice dia-

phragm method. The lattice was perpenlicular for the first two and horizontal

.for the last two. At one time the und_flected image of the light source was
-in the middle of a slit and the second time it was between two slits. The

_eating pipe was 30 cm long, had a diaaeter of 4 cm and was heated to a temp-

rature of 140°C. Figure 78 shows the evaluation of this exposure.

Every technical problem of heat _oss from asolid body to a fluid or a
_gas has a hydrodynamic side. Even if _t is impos=ible to make a quantitative

_evaluation of the total temperature fipld with schlieren methods in the most
_general cases, it is usually possible-_at least in models--to create an image

_of flow phenomena. If it is desired tD make the relationships in the model

_exactly fit those of the main process, it is necessary to adhere to Grashof's
rindex:

• I1

i
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_Figure 78. Temperature Field
_-Taken From the Exposures in

_Figure 77.
iI

I

1

i

i

t

J L (8S)
Here: l is a characterist c

length, P is the density, B is the co-

efficient of volume expansion, T is a

characteristic wall temperature, T= is

the room temperature, g is the acceler-

ation due to gravity, and q is the
absolute viscosity.

Especially for gases

It is inconvenient for the char-

25 _ acteristic length to be concerned with [
,Uthe third power. This means that if t:ie dimen$ioms,,_re cut in half, the tempc _

_-_t-ure difference Tw- _ must be ra-iied to e-igjat-times t-he vale[ Unde¥
_some circumstances this may lead to pr_hibitiv¢ temperatures. A reliable com-i

pengation can be made in a closed container by raising the pressure (i.e.,
30 Ethe density). ¢

35

i

4o
F
C

_:-:';, . . ............ ,

,... .;., .... "-. _ :..- ,,., -_,,..:¢,_\\. r ._--...... .' •

,...._..,'_.......:."_%._>,L.;.:;
'_, .. ,. ".,,:-_.:" . -"" <:,7,: ',.,_

_ ,.'=;_.'_%':;_':'_7_:_'_:..':'-' " ' "".. "I
lt,:_'_ _'_ ._._._. "_".: ". ": ' \:'C-'=- ". - ," • ". -" i

_Figures 79a and b.

_5 ,[-at the Lower Stagnation Point (a) and
t Lower Stagnation Point is Laminar, and

i Wall is Very Sharp. Flow in Figure 7_

Longer Recognizable:. Wal I Temperature

50 _ 10"2"108" NAS

I
31multaneous Shadok Exposures of a Horizontal Heating Pipe

=t an Azimuth of 120" (b). Flow at the

the Focus Line of the Rays Near the
Is Turbulent and the Focus Linu is No

o
102 C, Room Temperature 18 C; Gr -
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Figures 79a and b 1 may serve as _xamples for the importance of deter-
L-mining the kind of flow with the he_p _f the schlieren method. These show
I • • _ LL _' t: ''i[i! • .

_-whether the flow is laminar or _/rbt/_efl_ and a decision can then be made

[-whether t_ use laminar or turbulent he4t exchange computations. R. _rmann
_has ascerlJained the contribution of _u_bu/enee with schlieren exposui_s on a

_perpendlc_lar plate and a hormzo_al _11nder. Naturally thls occursl at dif-

_ferent Gr_shof's numbers, viz. at Gr =!i.0.i0 flat the plate and Gr =_.5.10 8

_on the cylinder, but with an equal Reynolds number of boundary layer flow,

!0 Re 300. |

30

25

_Figure 80. Schlleren Exposure of
an unknown Bullet Flying at

-785 m/sec. Horizontal Schlieren

-Diaphragm.

i

4

25. Application of the Schlieren
Method in Ballistics

A very important field of ap-

plication for schlieren methods is

ballistics. Very early, mainly by

E. Mach in 1887, the first schlieren

exposures of flying bullets were

e _made_ In this way he demonstrated

that a bullet flying faster than

sound is accompanied by a head and

tail wave (Figures 80 and 81).

Later, numerous s chlieren exposures

of b_llistic phenomena were made by
C. C_an_,_ost of these were pub-
I i s h_d- YfiIfis we-TTTI= kn c_n _tF_

ball_stics.
!

Schlieren exposures are chiefly!
used in ballistics to investigate

the following phenomena:

I. Flow phenomena in the en-

vironment of the flying bullet,

2. Phenomena at the nozzle of

a weapon,

3. The detonation of a bullet.

The chi_ c matter here is investigation of the shape and propagation of

r_hock waves. Here, there are finite p_essure jumps at the leading edge of the

_shock wave so that rather large light _eflections exist at the edge of the

_ave and very useful exposures can be_ade with the direct shadow method.

-Figure 80 shows the Toepler exposure o_ a Geschoss bullet flying with a muz-

-zle velocity o£ 785 m/sec. Notice first its head wave which begins almost

_exactly at the tip of the bullet. At_he beginning it is slightly curved.
FHowever, with increasing propagation i_s inclination approaches the Mach

HAS._

50 _1C£" R. Hermann: VDI-Foz.aehgs. No. 379_ p. 21.

F- [ 3
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sin c¢ ;=_ O_,d[_,i Speed of Sound)

v {t' Bu,,etve,oc,_v). I' {87)

P_'-t'/ TitlThe'_ tail wave is curved _'n the

I inclinationOppositeflightapproachesdirecti°n'towardthethebUtMachdirectionitSangle.ahgleof°f

This provides a possibility of deter-

mining bullet speed directly from

the schlieren exposure. If the mean

value obtained from the head and tail

wave at the same distance from the

i'[_%::)::]!:'! ` bulletline °fvelocity,sy_netry isit takencomes tof°rantheac -

I curacy within 1% according to Cranz.

_r P_cic S,_r_e exposures in Figures 82, 85

I and 84 show bullets moving at con-

! stantly dec::easing speeds, while

i Figure 85 sh_s the movement of

.... !J _'_mii_'sl' ii_:_!!_ixd_Ya_::-iflight ve 1 ocity from "_i_e s ch lierei_ /393

image. I Table 9 below (see p. 90) pro-i --

vides the relationship between half

head wave angle _ and bullet velocity

v in indices to be computed from ch_

ti!_iiir_!" DIaphtheTW°sameragm.Gesch°SSTi me. BuIve rtle tsica I _achspeeds_undre_ati_nshi__s_unda=34_there_/sec._7)isat_Be_am_res_eedthehead_f

I_ednofhs%Undco_h:::smoaYn beshocksareaScanWherth:r:f_;erSo_icCrV_ci_gi:eSa_lwave'ar°_daStibulletll'inflyingth_£1_b_:lowfieldthepresent

Fxo"1 : io:4.2. &X o "'°°d.o,o.,,°' °'.°_'
Vsistance of a bullet to be
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cw is the coefficient of resistance (adimensional); p is the density;!-where:

iv is the bullet velocity and ," _e _r s Sectxonal area of the bull

5 ( _'R2)

(...:>',,,',:,_ Pa ::b , i t_ c _ l

,0i--ix, :. i, . :. ' >.'
........... _--- "_ I - " :i : .Dt::::": "_::-,:.>..n?: ;._

i]_ :"" "" " ""/" ""_' _ ; .5..,

.:,,--,r- ,-, .i_-. Cove,- t>a_, 1<>_i- " :i " ._;:_}!:{;!- :"::i'_ -.:_
.... P "",., :' : :":!_" - ' :" _'"': " '"'_

L.,_-_,_ __-..._

i-_-!i::: ,
':_"/: •>_:i<_.:/ :-'.:.::: _ Figu,-e..8_.AnS-Bu,let_ovingAlmostz_ I ExactlY/ at the Speed of Sound. Head

LT___.:./_.._"..,"Y""....""" _.........i._and_T4_l___..s _la.v@,___ep_F#om_t, he
I- { ..< .::- ,-:..

__ _.: ._,: ..... Bul]et_ The Base of the Bullet isStill Accompanied by Two Compression

__Figure 82. A S-Bullet Flying at Waves of Finite Extent.

30 _-_75 m/sec.

In passing through the velocity
of sound, a considerable rise in re-

i-sistm:_cetherefore occurs. Although i: has been known since Mach's schlieren
3S ]-exposurc_ (1887), that the speed of sc md is responsible for this, the pheno-

Lmenon did not enter computations of e_ :ernal ballistics until after the World
LWar. Up until that time, the coeffici mt of resistance was considered only as

La function of the velocity and not, as it must be, as a function of the ratio
I_of bullet velocity to the speed of sou )d. Sufficient attention to the schlier.

40 en exposures would thus have consider_ )ly improved precision firing during the
Wor=d War in many casesl Still another very important consequence for troops

is to be deduced from the schlieren e_ )osures of a bullet flying at supersonic
_speeds :
I

/_S _ The head and tail waves accompa_ 'ing the bullet are detonation waves.
_When they hit the ear of an observer t _e latter perceives a detonation. There
:fore, when a round is fired off, the 1011owing three detonations must be dis=

Ttinguished: 1, the muzzle detonation of the weapon, 2, the bullet detonation,

_O _Vand 3, the detonation report. NASi
!

r r
89t._ L__w J
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Figure n" Expios ve_. i Particles

Flying at 1,900 m/sec.

i Only when the cone of the head
[-Figure 8/4. S-Bullet Flying [wave being propagated with the bullet

20 _-Below the Speed of Sound. C°ve P°_a_°_C:_erceived spatially, can one
p-
i l understand that the direction from

lwhich the bullet intonation seems to
_come is essentially different fro_ theidirection of the muzzle detonation or

Fdetonation report. Now, if the bullet!detonation is confused with the muzzle

25 -detonation, grave errors in judgement _an occu_ under certain conditions.

TABLE 9. I
I

50 - .(.) ,,m_',) ,(°, ,(m/,) a(_) ,(m/s)[ ,(--) ,(.d,)

]0 oo 25 804,5 50 443,8 352,0

- S 3901 30 680,0 _ 415, I 345,'*
- SO 19.r,8 35 _92.8 392,6 _ 34t.3t$ 1344 40 528,9 65 375,l 340

35 - 20 994,t 45 480,8 ?0 36t,8 "

*Tr. Note: Commas in Table indicate decimal points.

:+0 - The head and tail waves of a bullet can be explained as envelopes enclos-

-ing the elementary waves caused by the flying bullet in the air. If we assume

-that the bullet represents a point, a _eries of these elementary waves exist,
pas in Figure 87, and the validity of t_e Mach ratio a _ a/v is immediately

_5 _erceived from the drawing. /

[ The fact that this explcmation cbrresponds to reality is demonstrated by

_Figure 88 which represents a round going through a pipe with slits in it. The
_parts of the head and tail wave protruding through the slits can be _onsidered

_ elementary waves. Notice that tN_$_ envelopes again produce either head
.50 _-or tail waves. J._ .....................

E_]
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Figure 87. The Appearance of a

Head Wave as an Envelope for the_-¢'J o I 8 $
i

20 _" Mach Number H C_, = _r-_• _cl'_t._EiementarYValidityWavesBeginningofthe Hachat the
t-- Ii

_- i Relationship.

_-Figure 86. Coefficient of Resistahc_ _ i

.of Flying Bul lets as a Function of i Now, since every bullet has i
the Hath Number. Ogive-Bullet With i fil::lte dimensions, a' flow about tt:e i

25 /.Two Cal. Contour Radii: i bod)!occu_r@; tile passage o£ this

Krupp, ..... Siaccl, in rq_ard to the forces acting on

i- Valller. -..- Mayewskl-

30 _Sabudski, S-Bullet: ..... According
to Cranz-Becker. Cylindrical Bullet:
.... According to Krupp.

i , •

_osczllatlon of the bullet. Thus, if o
35 _the flight characteristics of a bullet

FFrom the point-of-view o£ gas dyna_cs
'compression shock (see §26). At const
_aperture of the tip of the bullet= thi

40 *-bullet and beyond this angle begins ah

the 5ullet during flight. First of
all, these forces cause air resist-

ance and secondly, if the bullet is
flying somewhat obliquely, a moment
acting on it Jn connectim, with the

gyroscopic effect contribute_ to the;

_e wishes to obtain an exact pictuze of

he must investigate the flow processes.

, the head wave of a bullet is an oblique

ant velocity and up to a certain angular

compression wave begins LLght at the

_ad of the bullet at a pe=-_peadicular

tcangent. In this way tha pressure .'c.tLngon the tip of the bullet also in-

reases. It is greatest on a bullet ";i;h the tip removed at right an_les.

_Around the tip of the ogive bullet _s ,m expansion of the air compressed by

_the compression shcck. This expansJor' )hsnomenon can be followed more closely

_ _by observin B the Ma_ lines formed by _;_e small irregularities at the surface.

• _These can be.=t be made visible _#ith th_ pure shadow method, rather than with

Lthe Toepler method; for the shado_ method prov._.des only the _hanges in light
_deflection, wh_.'./-in the Toepler methdd the brightness is directly proportional

_to the absolute v:>.lueof light deflect,ion. Therefore the Mad_ lines can be

_0 _projected much mo_e clearly by the lll1.!i_llo__etho_j in connection with a pho, o-
_gra_hic p_r_ocess _gusted for contrast ]_(Figure _ :,_.T.............................................

r-_ Z,_3
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=Figure 88. A Round Passing Through a Pipe

i_)th Slits In It.

3O

35

Figure 89. Shadow Exposure!

of a Flying S=Bullet. i
i
i

We have an approximate i

parallel flow along the cylin-I
drical part of the bullet !• I

Particularly well marked Nach '_
lines arise at the grooves

which are used to hold the i

shell and (with full bullets) i
at:"_e r_-a_ng ba_ds_. Another

expansion takes place around !

the base of the bullet. In the tail i
wave, also a compression wave, another i
transfer to parallel flow occurs. This 1
does not begin immediately at the base

of the bullet, but is only £ormed in
the wake of the flo_ behind the bullet.

Sometimes the opinion is expressed that
the tail wave is a rarefaction wave.

However, this is not the case. Evidenc,

against this can be provided by the

course of blackening in a Toepler
schlieren exposure because it changes

Even Rrm_an Odd
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The space behind the bullet is fi
i the jacket surface of the bull_Z,_, _ Th_is
Vsipation _f kinetic energy. As a resul

• A

lled with air flowing directly along !

SiP _is turbulent and heated bz dis- q
t of this the "path of turbulence" i

a great distance. The visible|changes I
ctIv_ll_articles of air, in con_radis-

e head and tail wave. Therefore in
w the path of turbulence aiter the

imuzzle detonation wave has passed by i_, but one cannot do so with the head

I0 _-__andtail wave. For within the muzzle detonation wave the bullet does not have
_supersonic speed everywhere in relation to the surrounding medium. The cone I

_of the head wave is therefore always s_perimposed on the muzzle detonation
:wave, while the path of turbulence begins with the air particles found in the

_vicinity of the bullet when the bullet overtook the muzzle detonation wave.
_5;

" Let us consider the processes
of firing a bul!et in more detail by

using some schlieren exposures. In 1
the forward movement of the bullet in

._, 'e_ r_Je the _arrel, it must force the air in
i the barrel out. The leading edge of'

] i this moving air is a straight com-

: pression shock. As it leaves the

muzzle, it expands into a spherical

_ serea_inB! bOhied--i¢--causes-41ow-phono
i omcna!very similar to those of stat-

! ionary flow from a cylindrical

• :._, _ nozzle. After the bullet itself has

._0 ! left the muzzle, comes the expansion

of the highly compressed powder gases.
This produces the muzzle detonation
wave which, because of its high

pressure, has a greater velocity
35 than that of the first wave caused

by the expelled air; therefore the
second wave catches up with the first
At first the velocity of the muzzle

wave is also greater than that of the

_0 _ bullet. Still, due to spatial propa -_

Figure gation, its intensity, and with it its
91. Before the Bul let Lea,_es

the Barrel, the Air in the Barrel velocity, mist drop sharply. As dis-
_-Hust be Forced Out. As a ,_esult of tance from the muzzle increases, it

_'5 =this a Spherical Detonation Wave and approaches the normal speed of sound.
.FIo_ Phenomena are Formed in Front With a great deal of accuracy the

_of the Muzzle. (Shadow Exposure) velocity o£ the bullet can be pre-
__ " sumed constant in the vicinity of the

muzzle. Therefore the bullet :_i11

- _,L,_ overtake the muzzle detonation wave53 _-after a certain flight distance (Fi 90).
.........................................
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Even Roman Odd

L_p_9



-_., -.. .. ,

$

I
[

_- i After the bullet has left

__;_ the barrel, the combustion
,,,,......._ gases flow out of the muzzle.

- _'-_::;_-"._._ For thls reason approximately

'" " ':_' _:'_: -_i-,""':':!_";:_:_, the same relatxonshlpslare" "

_ ;,.:,...: . :.. .... .. _; . :,,..-.::_.-r___.:..L=;.:=,.:-,.-...:._ff,.-,._-,,.:.... . -_. ;_. , _ .

• ,- ..... _t seen xn front of the m6zzle as
, _ " '., - :" "-.;'L : '_-_r-._L_;_ _" _-_-13. _.._¢e=---. -'_,"--';: ".'_," ,"-',-')..

,,:..,_..-,:::-',,_ in front of a cyhndri_al noz-

_i_.; :=..,._.,;,.] zle through which a gas escapesl
.--........ e--,_ from a pressure contaxner The [

_' _-="_C'::_| only difference is that here I

|__i_S:_,_:_;!-_'_ the volume of the container

i b :L-.::...: .... _i (the xnsxde of the barrel) _s t
/ ..=- : " .: :. -._"_:_ _ :-"-s.':_.\':_:_"._:7_,'_,--'_.: ,, ,.:_T-_ .-..A....?.-...:...,..-_ . . .•_.':::,.::_<_,_ so small xn comparison w_th the

_ • :,.- ' ..:=,"_'."" - ":'_'_=_: ':_:-""+i_'_-"._ :'f,.-'_-_-::":........ ;.. _..-:s._ s_ze" of the effluent opening
_ ._:-.:.-: =_.,,-..,..:.'_-: _:---',-----_;-.W.-:-_:.".: :.; -, _-.:.:.--7.7,_.;. _-."_%::_? . - [i 5 :'": --,.'._• _i! (muzzle cross-sect).on), that

,_-. ...... -.---_-- ..... .,., ..- -._-:_, .... x,., - _v_-:.] the Inslde ressure chan es
_L'_:e:_ very rapidly. F_gure 92 repre-

F" u • ' . sents the flow in front of aI _9 re 92. Flow tn Front of a R,fle ........... , _/ _a bc_u c_rlzle muzzle after the DU£ et

20 -Muzzle After the Bullet Has ke_'_e _e - _-Barrel. (Shadow Exposure). has flown approximately 1 m.

i In principle we can recognize

the same compression shocks

-already present before the exit of the bullet Sn Figure 91.

• 25 _- • I •

i _- Even in the detonation or penetr_tlon ofia _l_et into the target, there-are many-pro-51em_-wq_re schIiereH_h_%]a-_ds-ban _e fiS-_I aHV-_-_geo-dsI_.

Investigating the detonation of m explosive belongs alone in the prob- /400

30 -tern area of "terminal ballistics". ThLs will be covered in more detail in
-§28.

- When bullets penetrate transluce:_t solid or fluid media, waves are gen-

-crated which precede the bullet; this is because in this case the bullet velo-

35 -city is almost always less than the sp)ed of sound of the medium concerned.
-Besides this, when water and other fluids are penetrated, the bullet forms a

-hollow space which practically exclude the light (Figure 93).

E In investigation of bombarded ar or plates by flash moving picture de-

;_O l-vices' H. Schardin and W. Struth found supersonic waves on both sides of the
_plate under certain conditionsl; these waves arose in a spherical wave

riginating in the iron at the point where the bullet hit. This is reflected
ack and forth on both boundary surfaces of the plate and partially dissipates

_its energy into the air.
[

45 r
L Many valuable conclusions can b_ drawn from exposures of this type.

., |

50 _" N_

pz. vo . p..7,19 _7:_................
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126. App|ications in Flow Research
i

_- ;v,-_ = - . '.-;'=:/....... ,+ It Is not posszble to make flow
_+ :'" + "" "" "' I ..,... • . ,.>: .', ; i , - +_

+- " :_ " ........ "......"" " + le"+"hen°menadirectly visible athow velo-I"
_a;_ ::,:.: ..... _: ." ",=:-:++, . t + > +ci_ies (up to about t00 m/secfn air)
)_:---.-+"'-.- ." f_+-;++u_+ , -Iby using schheren methods, since the

....... ..... - - ......... +'-+ ichanges in density present are!not suf-

+:'_>'+f... "_" ,' .+"+ <-"+,::.._.=+_+-.+_ _; .j_" ficient to cause an appreciable deflec-
i_ ;" :-_'+'+= ,I Ition of light (cf. p.375). In these

+?.i:_:::.' _+_:.., ' ::_?. :/-.,':-,:::_-... .: ,_ 'cases smoke wind tunnels can be used

i,,+ ,.;.-:-,v;,: ,.' ." .-::' ....<,:;.-....+::. ,+'++ +advantageously and visualization of the[
.._,.._,_/:,-:._;:,::...:_-_,":.: ;,.!,;i! !flow lines are produced by smoke, oil i

...."_"L -" +",+'.... ; :" vapor or, in the case of fluids, with 1

5 :.,.:.,:;;_!_;.i::.,,_-+i.,:i:_,b+.!'._<-?. f._._ dye solutions. Here it is important '1

' ..... '--"' ......... _...... <'"_ ':'+"_ [for the medium applied to follow the i
:.+fT+.:.+.;..:..l.,.....'+'+'P:>" ""+:+"'=_'": .I ' ....]] jmotions of the undisturbed flow flaw= i

" i)+ """+z-'" 'T_'I:_:/"--"# !lessly. This would be the case if it I

, ":";;'"';""".• -,._ • ., ." -,;,-- . ';,' {had the same density and viscosity as

L- ' ." :.;""",,.- ':,.":.-."::,.:v.:.,++ .... ,- ._,-+,_+h_>_ftl_wing+--- medium. When solid parti- [20 ' -:. . ..+: .... ._-.-..+,,.-: , ; • . ..,v. ,,__>.,,'. I

+ __ ....... "" _'...... ;cles are mixed, especially with gases, I
condition is not always suffici- t

, _::"_-:..-'-,:.',;:-"_::_..._,_...., .. ..+,.._.'.'::_<"_...,.,r-. .....__--.,.'"';: !ently heeded. One might think of mix= l

I'+"; C .<',.:,i_:<)'.;'_:`'z'-'-'-_:.T1. . .,I: ing a second gas to a gas or a second i

.'_ i i,'.-:,,.;_,,..__:.._.+"T..';-.-:,.:'-..... '1 " .-0 fluid tO a fluid, and of selecting i
;- V:-i-+:::':/_,_':.',\.,',.'_.-_-;_:::i t this secon_'medium so that it is of i

.<;.:. :,, ..... ....... :,, exactly:the same denszty anfk-lne- +,
_...,.i ....... '..... " '" .... " matical viscosity, but has a different

r- _:_ ,!_;:i._'_'_{:+_ '; ":,i'"_ refractive index than the flowing 1

3<_ _ ;._-._...:.._..,...+_,.,_..._.,..:._,._.,..<..,....-:medium. In this case the flow lines
t: .."....• ,:"-,-: :'."-::'i=.",-'_," could be made visible with the schlier=

_:_. _,::?i: -,_+-).,:r_-i,¢-=_..,..:_ en method with no possible disturbance

_- _.t._-,; ......... ->.<-:,,v:_:. :l +,_ of the flow process. Acetylene has

} " " ": " " ..... " " " :_r " -- : : _ 1 " i D been recommended for this purpose for
-[ ).::';i_.-".7 :_)_:..-_ :.'."-".... ..4_ ;' ',.*.'_

_ _ _ I _ 1"1'': "'I " " _ I' ' " ' F + _ " ',g'_;_' :_I" :' ' 1_ _ e 10W processes in air. However, ether,

'.+,_;: ' ..-'." " +"£," ", " ' ; ,'..( ._ _.4..' "- _ _" ""[

_-Figure 93, A Series of Exposures of
_-Shooting Into a Container of Water.

_The Light Deflection of the Hollow

!)5 _Space Caused by the Bullet Is So by having carbon dioxide stream

_Large That It Appears Completely Blacl_.' through a slit a£a'n_z st a wed el

LThe Sound Wave Ahead of the Bullet Can_ (see P.407).
_-Be Seen in the First Images, and It Is4
t__. !
-Also Possible to See the Interference| If the flow lines are to be

50 _Waves Caused by the Base of the Bul_i|p m_de visible in a uniform current,

A

/401

carbon dioxide and heated air are also

used in practice in many cases. Of

particular advantage is the use of two

gases when it is a matter of investigat_

ing how gas currents representing
different states of rest affect each

other. Among others F. Krueger and
I H. Casper [iii] have investigated

t the turbulence of intersecting waves
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L-individual threads of the medium with (

Red to flow in, just as with a 3moke_ wit

_wlnd tunn_l of thls type in 1896"-[15].

5 _regularly lheated by a burner. H. Scha]

_-tunnel in_hich the air was he, ted b_ I
_standard _istance directly in _r"0"nto_ ]

_94 represents an exposure made with th

a downward current of I/5 m/see. An a:

current (drawing rate 300 I/min._. One
i0 _suction pump.

F-

r
F

, /'
r-_ ._

i-Figure 94, Visualization of Flow Line!
_of Air By Using Electrical Heating

30 _#/li"res (H. Schardin and J. Pohl). A

,_Fompressed Air Injector. Sucked Air

rom a Wind Tunnel in Which a Downward!

_-FIow of 1.5 m/sec Reigned. [

:hanged refractive index must be allow-

d. tunnel. L. Hach had already built a

He'worked with air which had @een Jr-

'din and J. Pohl constructed a_ind
hila. electrical heating wires _t a

'the _b_ject to be investigated.[ Figure
s tunnel. The stream lines here are ir

r compressor suctioned air from the ai_
cm, see how the flow lines run into the

i If the flow lines are made visible

i+ a way similar to a smoke wind tunnel,

alslight alteration in H. C. H. Townend':

p+ocess also allows measurement of the

c_rrent velocity. To slightly heat a

t_read of the current, H. C. H. Townend

d_d not use an electrically heated wire,

_::>/_,r f>b_ a_pa_k jumping between platinum
e_ectrodes. When a spark jumps, a warm

a_r schlieren is produced and determines

aldefinite point inside the flowing med-
• I

lUm. If the sparks keep jumping for

some time) the electrodes become warm so

th@t _hread of warm air J s drawnj
........... between them at the -s-_Jne-time_ ......

Iflthe stream is projected with a I
sc_lieren apparatus in which the !h

direction of the edge of the i
schlieren diaphragm coincides with.

that of the flow of the thread,

the schlieren image gets flow

threads which contain enlarged

35 I ! spots (knots); if the position ofthe schlieren diaphragm is turned

t °'____ 9 only the positions of the flashovers
: ..................---_ c_n be seen (cf. Figures 95 and 96). Now

_:_=,,-,-r_-....._...._ i_the sparks jump at a constant time

_0 _. ].__::_,_:_1_ iDterval, the flow velocity can be deter-mined for stationary currents from the

_igure 95. Visualization of Flow interval between the knots with a

!_ines of Air Using Electrical Sparks single exposure, Similarly, if a

_(Townend) Which Flash Periodically. spark is chosen as a light source and
is controlled synchronously with the&5 USchlieren Diaphragm Parallel to the

_Flow Lines. sparks in the current, a stationary
r image of the current is found on the

- ground=glass plate, and a slight dif-

-ference in the frequency of the sparkslprovides an arbitrarily delayed repro-
_0 _iuction of the flow passage. N_$_

Even Romdn Odd
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-Figure 96 ] As in Figure 95

Schi ieren'Diaphragm Perpendi-

I_':) ! cular to the Lines of Flow.

i

h

_5_.

2 p i

|: :!-A_" :m

IIf the flow process is turbulent in one

r ;_ r_dn_ the knots would not be seen under

stationary observation. Therefore _.his pro-

cesslis very appropriate for investigating
C_:. th_a_it/on from laminar to turbulent

fl ] /
/Nonstationary processes can be investi-

gate_ in the same way if the exposures are

taken with a slow motion camera and a suf-

£ici, ntly high frame rate (Figure 97).

Othe wise the following more simple proced-

ure s possible: the schlieren arrangement

is s_ t for a dark field, i.e., only the

knot: appear bright against a dark back-

groul d. Then the sequential positions for

the nots occurring at a definite point in

ti_e| can be fixed on a single plate. Only
OVCr' V_]C ,._<I_C_ _, , , ,

one _u, taDle sequence o_ zllum_natzon sparks
needl be chosen.

If, as we have seen, the use of

the schlieren methods is very approp-

25 :Figure 97. Stream of Air Flowing riate uEder certain conditions at sub-

usually i used here, The situation is
L_zation of Air Flow Lines According

_to Townend. Frequency of Exposure

30 _was Equal to the Frequency With
tMhich the Rings of Turbulence

-Separate at the Ray Boundaries,

-and Therefore the Set of Images

_Provides an Apparently Static

Process (cf. Also Figure 91).
furnish a free jet without distortion.

computed and then tested by providing

originate and which have an envelope c

i let (of. p.392). In this case they az

[¢lination to the direction of flow is the "Mach angle".

Lequation (87), the following formula s valid

different with supersonic velocities.

Here the schlieren methods represent

the main means of investigation. The

construction of a supersonic nozzle--

the most essential part of a supersonic

tunnel--cannot even be accomplished

without continuous checking in a

schlieren image. For one requirement

of a good supersonic channel is that it

The nozzles intended for use are first

:he walls with grooves where disturbance_

)rres_onding to the head wave of a bul-

designated "Math lines". Their in-
In accord with

sin " v '

_where a is the speed of sound, and v _ the flow velocity at the pertinent

_point.

L_ F____]q 97
Even Romar_ Odd
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[-Figure. 98. t Effluence of Air at Supers nic
_-Speed from a Tapered Jet. Mach Lines Begin

!0 _Behind the Narrowest Cross-Section. !

can be considered

as an equation of state,

just as are pressure,

temperature, density and
flow velocity. Against
the wall a can betaken
direct ly from the_ch lieren
exposure, since the flow
direction is known there

(assuming that no separa-
i tion of flow occurs), In-

i side the current a can be
i determined for all points at which twotMach lines, originating on opposite

15 _secting Mach lines furnish the directi%n of flow (cf. Figure 98).

Usides, cross. Their intersecting angl_ is equal to 2a. Therefore two inter-

In investigating flow around a p:_ofile at supersonic speed, schlieren

_methods are particularly suitable be;mLse.finite differences in density occur I
• P, ,i,

?G [in the flow and the change in _xt_ !_ _i_rily responsible for the light /404L
_deflection in the schlieren apparatus. Compression shocks are also involved I

_in supersonic flow. Here the density umps practically discontinuously to a I

Lsomewhat higher value so that the densl ty gradient assumes unusually high I
_-values at the leading edge of the shocl:. Since according to equation (41) the!

25 _light deflection depends on n-degree and n in _urn is related to p according [

_9)_-tho-shocLf_ongs can be made-_%obv_ou_er_-i£-_he absolgt_

Lateen in density is only very slight. | I

_. ,;, _ /In _iscussing the schlieren image t

_'_r- 7" = :_',_ ":-,s''_; _:; _ _._.' _ "._'c._" -'-'._ • • •

30 :: -,-'--:_.,_ -_. :-_..,,,...,-.._-'.:-_::_.• .,'-:. -_:-• _ _f a supersonzc flow, the orzentatzon
_:.=--" _ _f the schlieren diaphragm must also be i

_:.: " :"_'_/(.;i_ii?_:_-:_'i(_?'_::: : :._ _onsidered and attention paid to the I
_.:..-__-!; .:_. _,.f:w:. -: ,_.._ _act that the dzrectxon and magnxtude ofl
_:-." :_/i_:;i'_>" .!,:;'><-::..'._ _he hght deflectzon depends on the

35 _:: . __i;!:_:_::::_.::":_N_::_ _ntire course of the n-degree along the I

U;:: /-__'_'•_]! _ight ray, as well as on the exterior [
|_" ._:k-_-_. = ___":"_:"_": _hape limiting the process. It is [
_t- "_-- t _ _,_:L;,i._,-_ :! _eldom as simple as is sometimes read iv

h0 L _nzng of the scnheren zmage represents

_Figure 99. Plane Supersonic Flow an area of pressure and brightening an
LAround a Strut. The Oblique tom- tarea of rarefaction.
/pression Shocks Before and Behind
,_Correspond to the Head and Tall [ With proper discussion, such as

4_ LNaves of a'Flying Bullet. Iresults from the data introduced into
i _art II of this paper, a great deal can
F _e derived from the schlieren image of

ba_ supersonic.. flow. In some cases und_ certain conditions a quantitative
i evaluation _s also possible. NA¢_

5o F T
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_-there is an expansion around the ends )f the nozzle or an oblique compression
15 _shock proceeds from them; if the count()r pressure is too high, a straight

_compression shock enters the nozzle. I

Expansion proceeds adiabatically and has been computed exactly by Th.

_-Meyer [37] for the plane case.cover Pa_, So,.,rc_20 i i

The oblique compression shock ca@ be presented as a normal straight one

-if it is considered as coming from a s_stem moving parallel to the front of

.-the compression wave. i

_ Several practical examples are s_own in Figures 98-100.
i

- . [_,._. "_'_: iT i _. . . I
-- For the supersonlc nozzle With a rectangular cross-sectzon, shown zni
_-Figure 98,1 a pressure chamber is to be iassumed on the left with gas _lowing
i • . ° o

_-from it through the nozzle. In prac_1_e th_s pressure chamber is gen_rally
! • LOV _ V:_,> i ! .I '_ .

!-Just the _ee atmosphere; then a _low _oes into a vacuum chamber, ItIls very

--visible i_Figure 98 that at first sup#rsonic flow is only present beyond the

--narrowest cross-section, since it is h_re that the Math lines first begin.

i-Their angle of inclination is large atlfirst and then becomes smaller, i.e.,
i-the flow velocity increases with the increase in nozzle cross-section--a

_situation which can only occur with sul)ersonic speed. It can also be perceiv- 1

_-ed in Figure 98 that the upper and Iow(.'rboundaries of the nozzle end are only I
[_effective within the Mac/% angle. Depel_ding on the pressure behind the nozzle,l

/40s

)

_5

3O

35

i

7- Th. Meyer has computed the event_ at a Lava_l:nDzzle by using expansion |
iL-_T6-wand--ofi_que--c_mp_es_b-n shock_ ....T_e corre_tndsff of-His--Sbserv-itTon_-_

!._een proved by Magin [36] with schlier_n expos_lres. [

- Figure 99 shows the flow around _ plane profile. If the mount were not I
-visible, it might be believed that a flying bullet were involved. The oblique!
-compression shocks of the head and tai

-numerous Mach lines can be seen; they
-entire flow between the head and tail

U

!

k5 _-

_-F;gure I00. Schlleren Exposure of a

_-Compression Flow. Formation of a C_
50 !-pression Shock Where Mach Lines Mee_."

I waves are present. Along the profile
_iverge from one another, i.e., the

#ave is an expansion flow.

A compression flow is shown

in Figure 100. The upper part of
the plane profile is concave. The
result of this is a convergsnce of
the Mach lines. Intersection of

them, however, is physically impos-

sible; for this would mean that

multiple pressure is present at one
point at the same time. It can be
perceived from Figure 100 that

nature solves this difficulty with
the appearance of a new compression
shock.

In this way plane supersonic

flow can be understood quite well

Even Roman Odd



I _and also computed quantitatively for tt!e most part; spatial problems present
_-considerably greater difficulties. It is True that here graphic methods are

_artially _successful, but the _6_e_ic,_S _bf the figuring must usually be

-[_roved by _irect schlieren exposures. |

Although wave propagation processes in fluids and gases are not dis-

G _tinguishable in principle from hydrodynamic processes--the whole area of
i-acoustics is included in the basic hydrodynamic equations--, presentation of
_the problems is essentially different._ Particularly, nonstationary processes

_are considered in the origin and propagation o£ waves, while hydrodynamics is

_usually concerned with stationary phen_ena.
i5F

( One problem which has be_n treated in a number of works (F. H. Tufts,
_1902; R. Wachsmuth, 1904; F. Krueger a_d H. Casper, 1936) and for which

_chlieren methods have been successfully used is the generation of the

eolian mode, the slit tone and the strident tone. This generation can be
_ttributed to the formation ofc_eu_¢_ge_bfh_ad a bar or flowing through a

20 _slit. The regularities of a turbulent|path were first investigated in a pure-
'_ly experimental manner (also in principle with a schlieren method) by H.

• I o °

_enard in 1908 and were later treated _heoretlcally by Th. v. Karman (1912).

F. Krueger sets the frequency of the dissolution of this turbulence as
;:' _equalling the frequency of the sound r _sulting'! free,it. Then a dependency of

_in accordance with the laws of the tu_)ulent p_th.

.. L And therefore it must be 1.

U -- const, (89)

35 _where N is the pitch, D the diameter o[ the bar (with Aeolian tones) or the

width of the slit (with slit tones) a_d U the flow velocity of the air.

tp 2. The constant must agree numerically with the values produced in a
urely hydrodynamic fashion.

In the case of strident sounds, the pitch is influenced by the distance
f of the tooth from the slit in such
value as distance increases and then s
drop again. This phenomenon can also

_5 :a reciprocal connection of the turbule
:assumed. At the smallest tooth inter_
_tween two eddies; after the first ju_
:mately equal to double the amount of tl
_turbulent interval becomes equal to. ha

50 _the next jump in frequency, three t_
_tnterval.

way that the pitch drops to a definite
addenly rises about an octave, only to
>e explained by theory of turbulence if
_t distance w_.th the tooth interval is

al, this corresponds to the distance be-
in frequency, which at f is approxJ-

_e turbulent interval in free flow, the

f the tooth interval; Accordingly a:'.'ter
lent interval:_ correspond to one to')th

/406
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L- The fact that this theory is in _ccord with the facts cdn now be proved
i._with the help of the schlieren method. _ Wachsmuth used ether vapor to make

__the flow of air from a pipe vi_s_2e. _''' 7" Krueger and H. Casper let ca_.bon di-

i-oxide flowLthrough the slit; here the 4issolution of turbulence was p_ainly
L-visible. _esolution in time was made dith a slow motion camera. I

__ Figure 10]. shows the formation o_ turbulence on the left side o_ the

"._tooth. In Fire-re 102 the turbulent interval is equal to half the tooth inter- --
_val and is equal to a third the tooth _nterval in Figure 103. The Toepler

10 _method was used in a shape where the in, age of a clrcular light source L (per-

_forated diaphragm, 4 mm diameter) was _ompletely stopped down by a round

_schlieren diaphragm. Therefore in FigUres 101-103 the light deviations in
_each direction are perceived as brightening on a dark background. Since no
_deflection occurs in the middle of the|beam, a black streak appears here and

15 _it looks as if the beam were split. Tliis should not lead to any false con-

_clusions. By narrowing the aperture w_th a straight edge parallel to the

__course of the ray, one side would become brighter and the other darker than
_.the background. Since in the previ.ous I case it was a matter of proving dis-

_solution of turbulence, the us_og_r-ap_a_sb_c_chlieren diaphragm, perpendicu-
:_0 _lar to the direction of the ray would _iso be very appropriate; for then the

i_stationary, straight line path of the _ay would not be visible at all, but

_rather only the deviations from its path, i.e., the lateral fluctuations_ and

_turbulent dissolution. In similar cas_s the author has taken a imultaneous

2 _:. _exposure_ of light deflection in two directions! perpendicular to Sone another 1.

E

F
F

i

•::":."i._, ",'": "..."

4 0 -

igure 101. Generation of a Strident

ound. Visualization of Flow With
he Use of Carbon Dioxide. Formation

f Turbulence on the Left Side of the

• /li̧ i

Figure 102. As in Figure 101.
Turbulent Interval Equal to Half
the Tooth Interval,

_5 _ooth. The sensitivity of schlieren

methods is generally not capable of

_.aking sound waves of normal frequency[and sound intensity visible. The light

50 _ VDZ-Fors_h., No. 367, p. 22. NAS_
_ L
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_-deflection caused by P =ound field, however, increases proportionally to
/

_2.A (_ -- frequency, A is the aml_/i_wd_ ofi_he physical movement in the sound

,3 !-wave) l, s_that it should be possible

_high freqtgency and sufficient _o_lit_dl
!--canbe reached in practice is not znae

;-assumed that A is proportional to I/v.

cincrease with the frequency v.

c f

_.-Figure 103. As in Figure 101.
_-'l'urbulent Interval Equal to

29 ,LOne Third the Tooth Interval.

o make them visible at a sufficiently
• _Hpwever, the maximum amplitude which

endeflt_:_of the frequency, but i_ may be
In this way the light deflection would

For example, for v = 20,000 Hz and

A :i5 U in air (practically attainable) at

a p%netrated layer density of 5 cm

c = 10 -5

t
and can therefore be made visible (of. with

valnes of Table 2). l
[,,3',°_ '" t>,3qC _(:c!rC:c_ !

In any case it is noted that ultra- I

sonic waves can be made visible without any

difficulty, as was achieved in 1930 by

E. t" Tavi] [70]. To make sound waves in I

air|visible R. Pohlman uses the Boas co- i

30

35

40

45

.... , , f li'L- .................. -_nr.l_le.nce m6.th_d. ,_c.--_p.317). -I

It is eveu easier to make deton ion waves visible. Their fron': consist._

_of a compression shock (el. p.404_. '_e light deflection caused in it is so

large that no sensitive sch!ieren method is necessary and even the shadow

method alone prodaces very useful em2o_ures (Figure 104). If it is a matter

of following the urcpagation of sound raves, it is therefore appropriate to
Lexperiment with detonation waves•

Making an exposure of a sound fi.=2d is of practical importance for room i

Land building acoustics. In the model _f a room an electrical .¢,parkgap is set

Lup to produce detonation waves at th_ location of sound sources (speakers' [

Lplatforms, orchestras, etc.); these wsves are reflected from the individual ]

|objects and _alls of the room. The appearance of the reflected waves can be [
Lregistered at any artibrary point in t_me and conclusions about audibility can I
/be drawn from them for the various positions in the room. Investigations of

this type have been carried out by Sa_ne and F. M. Osswald [116].

'_ Two exposures taken by Osswald i_h the shadow method) are shown in i

Figures 105 and 106. Fi&qare 105 show_ the effect of a fold in a wall on sound!

propagation in a room. Here there is 'a,_intense intermixture of the sound
iwaves behind the primary wave front. IFigure 106 represents a study profile

for chmanelxng. Its purpose as to ob_azn good sound dxstrxbutzon.

',;;,3_
!

.........................

50 _ ! VDI-Foz'eoh., No. 367, p. 28.

[lO2 ___j
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Figure 105. Effect o_ Folding the

_i Nal ] of a ChamEer on Sound Prop_.-gat i on.

L_!:{..;:. ; ..:...:;:.,.. . _ .'.;...-v..._:..::'..._::.;:..... :.:, , ._ ....... ,.. .. -,"-_" ._ ,, ._. .
__._._.____ _.',_,_.-_.:-_-v ._..?_ _i ._x:t ="" ,...X\, - ,,'_ .. ' ,/"X'_." ,' t_ ;

_Figure 10/_. Spark Detonation Naves _. _ ....... "_._ ."_,.,., ,'tl :

_-in Air. Schlieren Diaphrag,_ (Toepler , _ "_1 _ : " _'>'_/ " "'-" '_ i-_
,_ r ant emen--K_B o _i_b_-t-a l. I '

"t _"' : " .... """ _ _'::

New findings in the investigatio_ ._,_ • ' t] " _ " "' _"::I /4JO
_of detonation wave propagation can als# _ _-_ -_

L_beobtained physically by using 1
_schlieren metbods. One might think i
l-thatthe propagation of waves has Figure I06. Study _rofi|e fo_"

- I Channel ing.i'D_en so thoroughly explazned by clas- i
I-sical wave theory" that nothing more I
_remains to be resolved from the physic61 point of view." This is no_ the case.

If we begin by disregarding nonlinear: Z_es which occur with intensive detonP-
tion _aves, and consider the limitin_ Ease _ '' _ "" udeof .... a_ _ p_tt .s. propagation in

_a continuum certainly dyes not present I any problems, but as so_n as boundary
i-surfaces between two different media ate present, phenomena occu_ _hich have

only bee_t recognized recently.
i

I- Here let us look at a few schli_en images taken in the Ballistics

i_Institute of the Air War Academy by 0._Iv. Sd_idt.

i In Figure 107 we see a glass cuvette _hich contains two fluids in sep-

i-arate Zayers, on the bottom a solutionIo£ NaCI (sound velocity l,b00 m/sec)
and on the top Xylol (sound velocity 11,175m/sec). In the boundary layer be-
_twee_ the two fluids a spark detona_p_ wave is now produced. This wave must /41!
_therct'ore be propagated in both flu_L_f"at the same time llke a hemisphere.

V-- i' m 103
L-- L___.J

Ever. R(:.ma _, Odd
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The radii of both hemispheres must beh_ve like the sound velocities, i.e., a

_-smaller hemisvhere must be see_ on _he l_op,than on the bottom at the time of

i-exposure. , Figure 107 does show_s 'expected--these two hemispheres, but in

,__--_addition,_tarting at the intersection ipoint of the large circle with _,the

-boundary _ayer, there is seen _ straight way front tangent to the sm_ll

_-clrcle. T_is ront p esents a uerfd_tly new type of wave propagatibn. It

_is also p_esent if the detonation sparR does not jump in the boundary[ layer

_-(Figure 108), and is then tangent to t_e wave reflected at the boundary sur-

10 _face. !
h

r

"" ' .... "Y::";-"_:'_: :" _..... ? '""'i ;"'_""_'\','- :'> _

_-Flgure 107a and b. Propagation of DetOnation Waves at the Boundary Layer

i Between Two Fluids of Different Sound veJ, c|ty,

_0 ,P i

b After looking at the schlieren e q_osures, it is not difficult to find anL_

_5

_0

'..explanation o£ this new kind of proces
medium (let this expression be accepte

-velocity) runs along the boundary laye
-the "slower _' medium; for this reason--

-wave of a flying bullet (see p.39S)--t

-boundary layer in the "slower)' medium
"new type of wave front. If the head w

-108b, we find, in exact correspondence

: the spherical wave in the "faster"
for the medium with the higher sound

with supersonic speed in reference to
• st _s in the formation of the head

e elementary waves originating at the

_ill have an envelope and thus form the
we angle is checked in Figures 107 and
with the Mach formula (87)

I

ff _vs

_. _,; = Ve)_, (90)
, )

!_where a I means the sound velocity of the upper and a 2 the sound velocity of
4_3 r-

_the lower medium. However, if we rep_sent this fact acoustically, we find

_the following: the sound from sound source q can reach a point P in the

--."slower" medium in the following thre_ ways (Figure I09}:
I

I. The direct path across th_,',i Imary wave. The time necessary for this
_o "-is

/412
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I PQ.
,.- /, = ([91)
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l

p__- 2. ihe path across the reflecte_ wave with a travel time of
i Ccw*.:T- Pa_e T; t!e

F I QA+Ap__ PQ,i- /,----- ----. (92)
._ II!! a lv

3. The path across the head way with travel time!-

t- ,_B __c+ cP
l,= -_]- + a, -;,--" (93)

L

i :'" . '_: % -".:'-

,- .- • A _ t ..... " _ " _ :::'::'_" :_'_"-:i

'.r_'t,;. ,... ,,...;. _ ,. ,...,._, ,....._ ,,, ......... .
..._ .:, -.. .._,..., .; • I "".?f,:" . .. .,._..,,..,_. _

__,'-"_:_ "_'_ "": ..;.":',':: W-_" ..... ' ....... r-,: ....... ,

_: i'. ":".... .... __.,_

0_;_ . "' :' ,:-.... '.':

_....:,,.\. ..:_ i_!, -:.,_,:.:._:._...,,,._,.-...._ ._i::! !.
'" : "%" "_'" _' ' _..-"%.-)_'_-<4.".;_,.-,

bFigure 108a. Propag-tlon of a Spheri I Wave at the Boundary Layer Between |

_Two Media With Different Sound Velocittles (Carbon Tetrachloride and Water).

_rha Wave Center (In This Case a Sma_ount of Detonating Load Azido) Does No

_Lio in the Boundary Layer. ' 1 '_ _. 1...__ .......

F-- L__3
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_Figure 108b. Formation of the
25 _'v. Schmidt" Head Wave in the Propa-

_n G_--a-S_oh_JLca1_W_e at th_ ..........

_oundary Layer Between Media With

_Different S_nd Velocities (Xylol

30 _and Table Salt Solution).

.... "i " '"

35 _'Pri_ry

40 te_:
"_.. I iX_ s_e

_'--_C_Translent
Wave

I

meno:
Schm
in l_

in p]
cal
sty'

(see

sufficient attention.

|

Although this path is the longest I
i_::'_l requires the shortest time 1

(t 3 < t 1 < t2_, since the distance BC
t

is traversed with the higher velocity

a2 •

i

T_is,_ +£_ct about the three differ

-efit so_nd_paths zs new in regardt-o ......

acoustics. It was first determined
in seismology when time measurements

were taken at the time of blasting at

the surface of the ground (Mintrop,
1919). In the beginning, this pheno-

could not be explained until O. v.

Ldt presented the theory repeated here

)28. This theory was at first rejected

lysics circles, although in mineralogi-

research the speed of sound was con-
:ly used according to method number 3

Figure 109) in deep stone layers to de-
Lne the ground composition. This area,

#hat remote to physicists, was not given
Only in 1938 did the

schl_eren exposures made by O. v. Schmidt

con_usively prove the existence of the head

45 F
7Figure I10. Outline of the Propa-
_aat/on o a SDharica/ U at the Let us discuss the exposure in
_undarvfof, T_;Fiu_ds: ave Figure 108 in somewhat more detail. If

T |the primary detonation wave strikes the

50 _- NASFboundary surface, the point of inter-
_ectton S of the wave front with the b__.__,darT..............surface moves at infinite
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_-velocity at the moment of contact. Th_ "intersection velocity" then subsides

_producing (see Figure ll0): _.. L-.

! [ r !dx dr T aa

i s = _T = T.-dT = _a" al = s,-qi?-" (94)

_(where e : QH).
/

At first s has a value indicating supersonic velocity for both media.

pTherefore it is quite reasonable to as_ whether intersection point S does not
roduce head waves in both media; actu_.lly they are present but are identical

with the penetrating or reflected wave

r Proof for the reflected wave:

Let _ designate the head wave an; le of the head wave determined by S in
_Lthe "slow" medium, and in a purely for_ Lal way, based on the Mach relationship

_-(87)' : Cover Pal e Soured

r-
_" al at
! sin_-- --sin7, i eh s adsin_ " • -----7" (95)
p I

/

_owever, 7 is the angle at which the r, flected!wa, o,,strikes the boundary layer

T
Proof for the penetrating wave:

_rmined by S in the "fast" medium, and

!

Let n be the head wave angle det

in a purely formal manner according toJ(87)¢1| a s

sin _/= _-= a,/sin 7 '

(96)

i.e.

sin 7 "t
- aaa. ., (97)

owever, this is nothing but the Snell kus law of refraction according to which

the penetrating wave is computed anywa ,.

Thus, we may consider the princi )le of head wave forBatxon as a superior
:principle referring to both reflection and refraction, as well as representing
_the new "v. Sclmldt ray".

b t,_c

i__ _-_ 107
Even Rc_an Odd
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I in the "faster" medium.
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t-

I0

15

......... i ................................

If s = a 2 has taken place• there tiwill be no further head wave developed
Then _,_ '_,,, _ _,

i
al

(_'__'/__r $'_'-_- _ _"_"a_l,

sin _* = a_. (98)
as

20 b

m

-In this case according to (97)• n = 90 _
-tion. The wave front in the "faster"

-boundary layer and in its continuation l

-proceeds at constant velocity a2 while

_-t° the limiting value s = aI (for y =

Because of its constant _%%i_ i

• i.e. T* is the angle of total reflec-

Ledium lies perpendicular to the
becomes independent of S, since it
the velocity of S constantly decreases

0°).

_n_i_ _slow" medium, the wave front
_in the "faster" medium now drags the had wave• limited to straight lines,

with head wave angle _; this is (cf. e uation (90))
J

i- a I

25 i sin-, =-- = sin_,*, (99)
a|

_- ......................... _...... _ !',./_' ' !

I '__. i
:._i.e. the head wave angle is identicai ith the:itotal reflection angle.

30 I°f FigureAllOflog.thesephases can be seen )cry clearly in the schlieren exposure
In spite of this explanatory dem

ustill not clear from a physical point-

35 _"faster" mediumbelow the angle of tot

Lon the basis of the Fresnel equations.
Lenergy present in the boundary layer i
[_provide energy in the "slow" medium in
i.elucldate this fact, a transverse effe

mstration, the following situation is
)f-view: the ray occurring in the

al reflection should be without energy
As the schlieren exposures show, the

completely capable of continuing to
the form of the head wave. In order to

=t, i.e. a movement of energy in the

_0 _wave front in the direction of the boundary layer, must be presumed and this i
Lis not considered in the Fresnel equations. In addition, it is known from t
hoptics, that modifying the interior structure of a boundary layer makes it pos_

Lsible to change the distribution of er _rgy between the penetrating and the [
_reflected light within wide limits (re [lex diminishing layers). Although an !

_ :ideal boundary surface is fundamental [or the Fresnel equations, such surfacesl
never occur in practice. !

Figures I07 _md 108 illustrate _e processes of wave propagation at the i

,'boundary layer of two fluids. The _ phenomena also occur in other media. I
_0 VThus, e.g., Figure III shows the wav-'_ropagation at a boundary layer of water

L

{ lOS ___
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/41__._.s



i
_--and plexiglass. The wave penetrating _he plexiglass can be seen very well in
Pthe schlieren image. This wav_,,_s,:_._
_the water ]again. If the solid body (pl

5 Vally be i_possible to see the wave prol
_of the he_d wave in the other _¢kinn_<1

Vsibility _f investigating somLd wave p:
_methodolo_y should be of great importm

35

lls!_the "v. Schmidt" head wave into

exiglass) were opaque, it woul_ natur-

ressing through it, but the occurrence
at_ £m this case) now gives t_e pos-

opagation in opaque bodigs. _is
ce for physical technology.

Figure 112 shows the processes in

bars made of various materials. The barsI
a:.'ein water and are struck by the spark 1

d,;tonation wave. The head waves produce_
b: the longitudinal sound wave develop
o] both sides of the bars. However,
o_her waves with a more acute angle are

also found. Further investigation shows
tlmt they are caused by transverse waves.

T_is provides an opportunity of determin-I
Cover __I_ £_%r_a%gnitude of elasticity of a

m_terial: both velocities can be taken I

f_om the head wave angle of the longi- I
t_dinal and transverse angle and from
t_is the #lastic magnitudes can be cem-
p_ted.

I iq_'_
I

The exact structure of the oscilla-

t:.onmodelproduced in the water by the
t::ansvers_ wave has still not been ex-

p [ained.

Under certain conditions the headw ve theory is ca£able of bringing a
s ;ries of problems in other areas closer

t) a solution. O. v. Schmidt particular-
I r believes that the silent zone related

t ) sound propagation and the short wave

c Lrcuit of the earth can be explained by
i'. The fact that the head wave pheno-
m ;non also occurs in surface waves is

demonstrated by colored image Figure 115

rable II). This was exposed with the
attice diaphragm method and represents

the shaI_ of a water surface above which

snrface waves propagate from point C (see
the schematic diagram in Figure 114). :

The water vessel used had two dif-

ferent depths: the left half was shallowerNA the right half, so that speed of i
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!-passage on the right had to be greater_ for it is approximately determined by

F
5_

!-
i

i_ _,;, :_,
J

¢ ----]/g" h

D, I T; t !,,

C0 'v L!V _"I

l-(h is the water depth). Therefore twoisets of semicircles (a 1, a2.. and bl,

10 _2 .... cf. Figure 114) also had to be _xpected in this case; the semicircles

terminate at the point of discontinuity of water depth (at points Sl... and

T1... . However, it can be seen from figure 113 that here, too, a head wave

F(c I, c2...) is described proceeding fr,

15 _and into the smaller circles. The fa,

_not on the same scale as the diagram p:

_the additional amplitude dependence of

-ance caused by capillary waves.
20 _- Cover Pa<

)m the end of the larger circle (SI...)

:t that the exposure of Figure 115 is

tovided in Figure 114 must be based on
the surface wave velocity and a disturb

At the same time Figure 115 may _e used as an example of the fact that

,Lschlieren methods are also suited for .nvestigating the propagation processes I
_of surface waves. Although model test,; are often carried out with surface t
_waves in experimental lectures (e.g. e:_eriments of R. W. Pohl are well-known)_
_Lquantitative test results referring to amplitu4e at the same time do still not]

'_ L_,exist. In the opinion of the author tile schliere_,m_thods appear to be the

i-only useful met_-of attackzng such q [estzons_ expenmenta_. Stereop_

bmoving pictures would seem to be the o Lly othe_ possible method.L
q i

While up until now we have only _een concerned with the propagation of
30 _waves with a small amplitude, the investigation of waves with a finite &_.pli-

_tude presents a field of work particularly reserved for the use of schlieren
_methods. Since these are of special i_portancu _or explosive processes, the
_next section shall deal with them in mbre detail.

35 P
_28. Combustion and Detonation Phenome

F
Combustion phe1:omena in gases in

_First of all the initial products of t

40 '-gen and oxygen mixed with _he nitrogen

_a.

volve considerable change in density.

ne chemical transformation (e.g., hydro-

of the air) differ from each other in

_density and refractive index, and the combustion products also have different
values for both magnitudes; considerable differences in temperature result

from the liberation of combustion heat and give rise to a further difference
_in density. For this reason the schlieren methods are an appropriate tool for

Fstudying combustion processes.45

i

We are concerned with statimlary
_mtxture of gases flows through an _#er

_velocity lies between two definite lim
_ Fthe flame flashes back and if it isNl_

combustion phenomena if a combustible

ture into the open air and the flow

its. If the flow velocity is too small,

l._rEe the fla_e is blown out.

Even Roman Odd
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Figure I1_. Schematic Representation
of the Propagation of Surface Waves

in a Container Which Has Deeper Water
on the Right Than on the Left.

e Source

The theory has been presented bY
Gouy 1 that the standard component of

_w velocity in the combustion plane
mls the[ combust ion velocity. Therefore
should _e uossible to compute the com-

bustion'plane obtained from a simple I
_tographic image of the burning flame. !

N. van de Poll and T. Westerdijk [139] i
,e compared a combustion cone taken with
; own light with the combustion cone

)vided by a schlieren exposure and have
'.ermined that the visible shining sur-

_,5 =Figure 12. Bars of Different Materla

"In Water Are Struck by m Spark Det_na-
btion Wave. The Longitudinal and Trams
_-verse Waves in the B.rs Dr_ Out a "v.

"Scl_,idt" Head Wave in the Water. NA5
p-

5r: =TGouy, A., Ann. _. ysl_r_, Yol. 8

fa :e does not coincide with the hydro-
dy lamic discontinuity surface (resulting

fr )m the schlieren exposure). An example
o1 this is given in Figure llS. This per-
tains to a butane-air flame with an excess

of air where a secondary combustion is

therefore missing. The combustion pipe

/ was sufficiently long for a pard-
I bolic distribution of velocity to

be set up inside it. Figure lisa
shows the optical combustion plane i

and Figure 115b the hydrodynamic '
one. On the optical level the
base of the cone is broader than

r, p. 29, 1879.

L L__ _u_
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,_the lip of the burner and the tip of th
scribes the case for the schli¢_p _e

F-the Gouy t_heory, the result is that the

:useful imCe of the combustion front th

! IL_

- ::;i
" '-f_¢.4. .:.! ..'.i

- _..._",_; . • : .:':: ,, _:_

i

-Figures 115a and b. Butane-AiCc°_l_eal

-bustion Plane; b, Hydrodynamic Combust

:_ Van de Poll and Westerdijk also

_usfng schlieren methods: lighting time;

-necessary _'_ ph-o_raph-f_-e_xposuI_s-15_
_However, lighting times of 1/lO0 to l/

-exposures by using a carbon or tungste:
-is used as the light source the exposu
-no nonstationary phenomena in the flare

-although it is possible without diffic

stat

opti
a tl_'_¢ -. : L._

_ "/., '.
,_.._.£. -.'__ -,:,

- " i-". ""'

? , ..

. .c-,_._ _-:,-_ and
pre._

_.Figure 116. Butane-Air Flame cre_
_With a Nonstationary Flame cornI

F,ont. asst

L tre=
mix1

_velocity can lead to explosions.

vportance, for instance if one wishes 1

e cone is rounded off. (Neither de-
_: !Since these phenomena contradict

schlieren exposure provides a more
does the optical image.

! i ,'-le

e Source ,

• '.°_

,:. ,] J 'k ; ;_

. _. .. ,: _:.;../ .
........... , - _.=_,_,___

_t_°_hC_xcess of Air. a, Optical corn-
on Plane (Schlieren Image).

temonstrhte the further advantage of

of the_or@_ of magnitude of 1 sec are
_e t_e-ft_atne Ts_ not very-trrlgtrr=---

t,O00 set can be obtained with schlieren

arc la_p. When an electrical spark
re time is only l0 °s to 10 -7 sec. Thus

._ front can be photographed directly,
_lty by using schlieren methods.

Figure 116 gives an example of a non-

[onary flame front. Photographing the

¢al image in this case would result in

_roughly fuzzy image.

Combustion velocity is not a constant,

but depends on current conditions. Therefore
it can happen that when a mixture is burned
in a closed container, in which the pressurel

temperature (because o£ adiabatic co_-
sion) of the still unburned part in- i

_e because of the expansion of the burnt

_onent, combustion velocity suddenly

mes high values and gives rise to ex-
e local pressure peaks. With certain
ares o£ gases the increase in combustion

_edge of these phenomena is of _reat im-
o understand the course of c_bu_tton

k*l_£
Even Odd
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--in an internal combustion engine. Sch_ieren methods are also useful for
--solving this question since th#y_d(hno_h_v_ any influence on the process it-
-self, as _oes, e.g. a probe, st_'ii_'t_'h_re_areconsiderable difficulties in

-obtaining_chlieren exposures of the a4tivities in the cylinder of a _unning
-engine "_is has been tried b_- K__Sp_h4ffaer [104] Some exposures o_ com-
! -- " OVL Cd_t 11 ! t " "

i-bustion i_a bomb have been taken _y W-i Lindner [69] and [80]. However, it
_ould be _ore expedient to create the _implest possible relationships.

_We would like to present several expos@res by Payman and Shepherd which pro-

-vide a relatively clear image [125]. [

_

.:: .i ::: : , /

30 i/ [ ' ;'

40 kFigur _ 117. Explosion of a Mixture of _

_-Methane and Air in a Pipe (Pipe Length;
_-_.65 m). Ignition on the Right, the
_-Left End of the Pipe Open. V, Turbulent

_5 _RI ng.

Payman and Shepherd investi-

gated the course of an explosion in
a pipe 3.65 m long (diameter 30.5
cm). The pipe has been provided
with slits and is divided into 10

single fields each of which serves ,

as the object in a Toepler schlier-

en arrangement. Since the inter-

:L- I ,: e _<>_tRng thing here is the course in
': ',_ time, the exposure is made on a i

_,:/_,;"_. rotating film behind a slit. In I

,{! this way the pressure and combus-

'ii!:!/", rio, fronts immediately provide thei{t_ _ time-path curves. Figure 117 shows
....... the.[e.x_O_ion of a mixture.of .......

methane and air (9.1% methane).
Ignition takes place through a pipe

filled with oxyhydrogen gas (125 cm
long, 2.5 cm diameter), which is
located at the right end of the

large combustion pipe. An electri-
cal spark initiates the process;
the 10 different image strips for

the individual fields of the pipe

and one strip for the outside space
have been fitted together in Figure i

117. Starting at the right we see
a detonation wave and the combustion

front progress through the pipe.
The velocity of the detonation waves

amounts to 560 m/sec and is con-

stant. A turbulent ring is form-
ed as it enters the free atmo-

sphere, just as one fonas in
front of a rifle barrel during

k" shooting (cf. Figure 91). Its

_time-path curve is characterized by V. i The first detonation wave front _s fol-
_lowed by a large number of other waves/_hich are somewhat flatter and there-

50 _fore possess somewhat higher veloci_._\they proceed in a gas which has already
k

i--- L_3
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_-been compressed (therefore heated) by _he first detonatzon wave. The amount
,: _of pr_,compression can be ascer_aine_ b_Fthe inclination of these straight

_,-lines. ""' .......

t. L i
21,' i

i The combustion velocit begins
i , at %freest the value of the _etonat-

,- _o tion wave velocity, but dro_s im-
_ :_1 . mediately and from the third field

_ [i :i_ ii]ii_ I I on assumes the constant value of
_- .'i I i 't 120 m/sec for some time. From the

.... _:-;_i: ii?l!l seventh field on the combustion
Z _I! :'_i' i:ii'" [' front is accelerated as high as'_ [ 520 m/see when it reaches the open

15 _ : i ! 71.ti#.' end of the pipe. This acceleration

- / ' ::_ _i (_'|'_: is to be attributed to the influencee o.eno.d. : i i _,I_/ /i ' _ :; " I unburned gas compressed in front of

_ " ' ILl the combustion front expands into

20 _ " il, :!ii._ a e _<ghec_ree atmosphere at the end of
, : ....... , ..:., ',_'_ _,. _2o the pipe and consequently a rare-

',[I_ ,,, faction wave enters the pipe and

:'!1,': ;_.j_I¢,_ adds further velocity toward the
,._ _,,_ _)2" left through the still uncombusted

_5 ' _. ._ :,.,,-,-"__a_. gas and the explosive vapor. There-

_-- _ _ fore th_4e_treme rise in combustion
: _,i_ .......................... velocity i_ ffd-c-_ive.--R_-_t-at--th_

;_:._j# _ end _s found a recessive movement at
! the Open end of the pipe since the

pressure in the pipe decreases as a
30 _- i result of cooling.

Figure 118 has been raked m,der

the same conditions but the open end-Figure If8. Like Figure liT. Left
of the pipe has been closed with a35 -End of tne Pipe Closed By a Paper

-Covering. paper cover. Thus at first the pro-
- cess takes place just as in Figure
- 117. However, when the detonation

- wave reaches the paper cover it can-
not immediately expand freely. First _ pressure wave is reflected; its time-

&0 _path curve can be seen well. Thereforb, when this wave strikes the combustion

front an apparent reduction in combustion velocity is caused, contrary to

igure 117. Thus this exposure is als_ a proof of the fact that the combustior
_phenomenon which has become stationary! is first disrupted by the influence of

45 _the end of the pipe. The paper cover _oon yields to the pressure of the det-
" W

_onat_on ave, rips and is pushed asidel; then expansion can take place, again
_oppose the combustion front and cause _ts apparent acceleration up to the value

_-of 520 m/sec. I +

V _=. The following quan_:itative stll_ nts can be made about combustion v_lo-
50 , _d] ,_ it)';__ _a....va_l_u_e_O_f .12__5___/_s__C_iS- ____as u_____..... .dur i ngg...t_h_e_, tat i on ary p 0 rt__.!°n ;_. t 9:e. f low.

t..... i
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i velocity u of the uncombusted gases before the front and toward the left is

=superimposed on the ahoy,:.• value. HOw _rge is u? The velocity of the first

s.detonatio_ w,%ve (360 m/se'.'! is _is_c_ _h _O,-trast to the sound velocity of
i-the unbur_ed mixture of ga.; (540 m/secj. From this the material velocity im-
_i--mediatelybehind the wave from; is f_p_d on the basis of gas dynamic_unctiom4
!-If the co_dltlon between the de£onatlo_ wave and the combustlon frontl were I

_-constant,_his value would be set as e4ual to u. Constancy can be ch_cked on
i-the basis of the waves which can be se_n in the entire range or the range is !

IG _to be corrected from the inclination o$ these waves. A further possibility

col determining u is offered by the wave reflected onto the paper covel _. No

_supersonic velocity is to be assumed f@r it, because its velocity amounts only

i-to 290 m/see as a result of the flow; _herefore the material velocity u of
_the uncombusted gases would be equal t_ 50 m/see, even though the sound velo-

,: _city of 340 m/see were to be assumed i] the gas between the detonation wave

i-and the combustion front. Even this 1:
_corrected.
i

therefore the combustion velocit,_
,, !_-/secfor the observer, if refe_n_e _s<

:-combust ion front.

_es rather high and must be accordingly

' of 125 m/sec becomes only about 75 m/

made_to_the uncombusted gas before the i

V Correspondingly the "apparent" c,)mbustion velocity increases consider- :
_-ably with expansion inco the free atmosphere. For flow velocity u at later [

25 _points of time it is also possible to Cete_ine values with the waves passing !
_from right and le_Ct through the region lbefo:e the, _ombustion front. The waves i

-en-Et-d-r:ng _om the Ie-Yt ong:nated _n t]_e part.,of the paper cover by re£1ec-
_tion.

30 _ completely closed container: the left
_ealed and the other conditions are the

iis case the first shock wave is corn-

of recoiling at 290 m/sec as in Figure

passes through the combustion front its

35 I m/sec (as a consequence of the higher
.fiected again and for a second time

['his has a vexy great effect upon the
)uring the first passage it reverses its

-apparent direction of motion and aftex the second passage resumes its positive
_<_ -direction at high velocity. This pro =ess is repeated until the gas has been

-c_pletely combusted. It is also weft] ¥ of note that a partial reflection

-takes place when the shock wave passes through the combustion front the second

-time . In this way a new shock wave o_ lesser intensity is C.ormed and con-
_tinues its course which may be followe_ for several reflections at the end of

4_ Cthe pipe. !

_Concernlng computation of the physic state behind the reflected wave front, :

_see H. Schardin, Phi#_k. Z., Vol. 53, pp. 60-64, 1932.
:_2The reason for this is the lower d_ty o£ the vapors. Correspondingly, a ;

_0 _rarefaction wave must be reflected _'"_e first passage of the shock wave, but i
Sth_i.s_,.j._dlfflcult to, prove be___£__..una_Ju_i .£_o_t.......................... I

- Figure 119 shows the example of

-end of the combustion pipe is tightly
-_ame as for Figures 117 and 118. In tl

-pletely reflected at the end I. Instea

-118, it recoils at 310 m/sec. When it

-velocity is increased up to about 1,00_

-_emperature), at the right end it is r

-passes through the combustion front.

-propagation of the combustion front.

-- C" -_ ....

Eve n [<<>,:,_r, 0cld
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Since this division of the

shock waves reoccurs at ever), pas-
co-bust iollsage through the front,

the process naturally bec_nes very

'coraP licated" t

/

These examples shouldf suffice
to show how valuable the use of
the schlieren methods is in invest-

igating combustion processes. In-
sights of a major nature, scarcely
possible by sz_y other method, can

-_ be obtained.

-5o

I

,_ i.mellrs per second, explosive velo-
cities amount to several thousand

_I meters per second. In combustion
the vapors have a lesser density
than the uncombusted substance,

while in an explosion the situation
is just!+the reverse; corresponding-

ly Lhe vapors i-n-colbu_itlo-n move ......
away frol the combustion front and

in an explosion move in the direc-
tion of the detonation wave. The

distance-time curve of a combustion

front can be reproduced very well
with a schlieren image, but not al-

Vsure with its own light. The intensity
Ls essentially greater, so that air
)vide enough blackening on a rotating

id no gases are partially used re= ex-
:ion of the detonation front would not

method. A schlteren method, on the

itigattons where combustion using an ex-
exp'.osion.

Figure 119. Like Figure 117. LeftEnd of the Pipe Tightly Sealed.

-ways by using an im_edla_e optical exp
-of illuslnatlon of a detimation front

-brightness is usually suEficient to pz
-film. In addition, solid explosives a

-plosive experiments, so _hat visualiza
-be directly possible usillg a schlieren
-other hand, is suitable Eor major invi
-plosive mixture of gases turns into in

r-

An explosion is different in
principle from cen_ustion. While

the combustion velocity lies in the
order of magnitude of several

L In the case o£ an explosion it i_ extrelely t_,portant to know what hap-
_pens in the vicinity of the expLostve_fter the explosion. In particular,

l ._ /_easureeent of the velocity of the eai_tshock wave and of the vapors is import-
'" :ant. Here again a schlieren arrmg Is necessary, since _he air shock

_wave is not immdiately lisible. Exp_ures of this type have been made by H.

_-Patry [96] mon,_ others. !

g,-) :- _i;'_5f
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" L-Figure 120. Four Successive Schllerenl

L_rxposures ol r a Lead Azide Pellet in Air.
L-

An example for the use i
of schlieren methods in ex-

plosive phenomena are_ provided
by Figures 120 and 12_.

!

This concerns th_ explo-
sion of about 1 g of _ead

azide. Figure 120 shows four
successive stages in the
schlieren image. In the first

part of the image the detona-
tion wave is hardly separate

from the vapors, but innumer-
able solid particles have
broken through the wave front.
Each creates its own head

wave. In the third part of

the picture, the vapor front
is already far from the wave
front which becomes smoother
and smoother. In the fourth

part of the picture the new !
formation of a second detona-

tion wave is distinguishable.

Figure 121 shows the same pro-_
cess _ as a time-distance curve.!

The propagation of the two
detonation waves and o£ the

_vapors, the latter with a rough boundary because of the flying particles, can
3C, _be seen.

By differentiation the course o a velocity w of the first air shock
_wave can be found, whence the Hugoniot I equation yields:

35 p _1 _" "-"

1
-representing the pressure rise behind _he wave front so that it is also in-

_*_ _directly possible to muure the pressure of a detonation wave in this way.

--2_. Oi ffusion
I

A further area of schlieren utNod application for wasurelnts is dil-
l'5 -fusion. Alre_' in 1893, O. Wi_er [113] published an e_austive work on this

..subject. The potsibtlity of _pplicXt_eon is based on the connection between,-the concentration of a solution and refractive index.

- I

t

:'-- - 117t.... _........ ;
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_Figure 121. Time-Distance Schlleren
25 _Exposure of the Explosion of a Lead

Azlde Pellet.An &l_r__
L
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-Figure 122. Light Ooflection
at Olffusion Between Two

i The general differential equation
: _for: diffusion is

i

r ",_! .... _ -_t :=l>'Ac" (102)
I I

,Here c is the concentration, t _he tim
)and D the diffusion coefficient.

In most cases linear problems are
involved; the following equation is
valid for these

i tl_n
J
i

I
and

whenle

40 _-Layers of Liquids According

to O. Wiener. tht:
plac

r betw

_5 - It is now withtn the scope of th
:_patial and teal)oral course of n (i.e.
'-be u_ed to experisentally deteraine th

a, --D ay," (103)

_i'£ _e posit

c =,4 "4-D,,, (104)

-b7--=D -_ ,

At=D.ZI.,

-#T= D .d n, (1o.5)

ueans that in (102) c c_n be simply re-i
ed by n if a linear relationship exists
een c and n.

s schlieren aethods to determine the
, _n and ;)n/_t) so that its course can
e-diffusion constant and its dependunce :

-up,_ co.centrstion and other magnitudes. Since considerable lsght deflection

"is handled here, the arranlumnt ne_._ot have a It_t deal of sensitivity,

-and Bore eq_hssts can be placed upc_ 'J_ple a[vvaratus. The direct shadow

EVP_ _ R c_m_.'l t ! ;),td
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_method is sufficient, e.g., according 1o 0. Wiener, in a shape where the image

of a slit inclined less than 4_: is pr( ec_ed onto a screen into whose path
_is placed ,a cuvette with parall_:i wal_., _ • • . .in whlch the flulds under In_estlga-
_tion exis_in two layers. Light defle, ion into the area of diffusio_ then

_-picks up the image of oblique slit A_ I Fi_uT¢ 122) in k shape corresponding
i " :_'_ • r_he Indlvldual peaks inside-_he_to curve _from which the deflec_ic., _ :' '_'_ " "
_cuvette ar_ to be taken. !

Equation (49) Is valid for limit_tion o£ the object by plane-parallel
_alls, i.e.,

r _:_____{a,_. t. Y !
)
f---
(

b

i_here c_ is the deflection o£ a light ray in arc measurement after passing

:through._ the cuvette at height y, _s is the thickness of the fluid layer, Y is

_-the deflection onto the screen_ £tt,the,e_mub_scAle as the distance E of the ob-

_ject from the screen and n o is the ref _active index of the air (practically
_qual to I).
.- i

r Computation of the diffusion con _tants now takes place in the following

-way: solution of the diffusion equation (105) for the linear case is:

L .......... +_ ly -- .h' ......

I [ - ;-oi
L- n = _--i/-_.))_;J I(f)e a_, (:107)

j

7

kLwhere f(_) is the given initial condit on for distribution o£ the refractive

index at time t • O. Where two fluid layers are superposed, this produces:
)

.-'-';'-' ,,o,,
'1'L.

r

,,- ,-,-,,, ,.==._. s. (109)_-_- _ _;"

i
l is obtained and from this for D

_For y • O, the Baxtmm deflection Yma_
/

R* l!(_, - _,)"

- I

E 've n R r_ _l r_
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F-Since the time point t = 0 is not knowq exactly, it is advisable to transform

_equation (II0) s_ that it cont_i_s 0_/_: thb time difference between the two

_last poin? of time and the maximum pe :_tinent, deflection:

-- V=)" (lll)!

j
_D was presumed to be a constant and equation (109) makes it possible to deter°-

_mine whether this assumption holds: arl)itrary values of t and y should always

Ffurnish the same D.
F

!5 : If D is a function of concentrat:
king differential equation:

F-

?0 ;

L

?fl

_0

33

Lon, we should proceed from the follow-

at - D (c) _ _,_,-+ -_F _.oy ! "

_The solution of this eq,mtion entails

: In addition a further modificati,

_r_LecL out i_E-the JJafAuence of gravity
I

_30. Results of the Te,Ultracentrifuge

I
In 1934 the author wrote in the

_has shown that the difference in conce

-1mr material (e.g., sugar) in a circul
-librium is large enough to be measure_

"an indirect possibility of determining
-At that time the author did not know tl

-gress which would lead to great succesl
-research. An excellent summary of tht

UZ_en_j_ge [The Ultracentrifuge]
[137]. The success obtained is to be

_,0 l-the rapid :entrifuge, the so-called ul

(112) _

_erious mathematical difficulties I.

m of the initial equation must be car-

; centrifuge' _orr._-La to be c_s_.

;hnology _ ,'.

_.Z'-Fox"soT'z.., No. 367: "Rough calculation
ztration in the solution of high molecu-
sting tray with a sedimentation equi-

i. The schlieren method should present
the molecular weight of such materials."

,at a development was already in pro-
today in the field of organic collold
subject is found in the book D_e

y The Svedber| and K.O. Pedersen
Jttributed mainly to the development of

:racentrlfuge, with which it iS possible
_todly to reach 750,000 g (g • acceleration due to gravity) in a fluid. The

differences _n concentration found in£his way in colloidal solutluns are suf-

different ab s orpt ionlight and,_icient to be measured on the basis, _rst, of
_second, of light diffraction.
r-

" The light absorption method cannot al,ays be used, so that success ob-

"talned is largely to be attributed to _he, refraction method, i.e., the schlier_
-m_ methods.
" k :

, ....... ,_;±q ,,
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, "scale method" and the "slit m_Shod':.,_

_method wit_ and the scale method-withou
_ =special na_es have their basis in thei_

_- The _cale method is represented

_is photographed with lens O. Between
"that the light deflection causea in it

In ultracentrifuge technology a distinction is made today between the
BOth are schlieren methods, the slit

t optical exposure of the object. The

special arrangements.

n Figure 123. An illuainated ;tale L

and 0 the ultracentrifuge tray is so
results in a distortion of the image

iL Lof the scale at L'. If ¢ is the light deflection at oae point, this corres-

_ponds to a displacement

i5 _at the location of the scale and a shi:

Aa _ = "¢'b

29
_in the image of the scale, if G represil&ts the scale of the exposure;

,. G=_ ,

_'_ _a' can be re.d off for each point _ro_ the ph,to!_',ph o_ the d':storted sttle.I
u- i :

- _i _." i '

i- .
This angle is valid for that p lion of the cell £ro_ which the dis-

_placed light beam ¢_es. If the dist_ce Y of the displaced point of the

_ _scale fro_ the optical axis is measureO, this corresponds to the distance
• I

_ _-.b . ,-_ .

_=-V'T" _"=-vT. •_' ¢114)

in the object. _,}

However. in practice the scale l_ photographed twice in succession under /429

_,_ _the sine _ondi_Ions with and without deflection. In order for the displaced
.scale to _ppear sharply as small an _rture as possible is necessary; other-
.wise light deflection of various sizes! will pertain to the individual light

-rays of one bundle, t

E ',,_n ,k <._,'l q Odd
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F.ssentially this method: corresponds to schlieren arrange-

_--.....__. - .... ment number 2, but with ixposure
. .... o£ the scale and not of he ob-

J _ -- _-: j_ct (cf. below 364).

• J I The slit method was intro-

q duced into ultracentrifuge tech-

, nology by O. Lamm. By means of

!-Figure 123. Schematic of the Scale a schlieren head a line of light
_4ethod. is projected through a slit-
_-- shaped schlieren diaphragm. Now
L_ the line of light, umasureable

_ith light deflection until the spot ir

with a micrometer, is displaced

gain. Observation takes place visuall the object to be measured is exposedy. Naturally adjustment o£ the light

_ource requires time so that only meastLrement of the sedimentation equilibrium
_an be carried out in this way.
F Cover Pa,_e S,,uf,::,

The lattice diaphragm method described as method number 7 basically ac-
Complishes more than the slit method since it furnishes the pertinent location
_or several light deflections at the s_ne time; therefore this should also be

_f value in the service of ultracentrifuge technology. It would particularly 1
_permit changes of light deflection in time to be recorded simply by making a

:_photographic registration of the isoph_ts behind a!_slit onto paper rotating at 1
_-_-U-it able- :ve-locit_: ....... : ......................

Direct registration of the light

_a method of J. Thovert [49], Which has
p. 348).

-_ The cells for the fluid in the u

-with the point at the center o£ rotati
-tion currents. Sensitivity increases,
-layer. Difficulties cccur t£ the thic
-is used, because with this method the

-then the use of a parallel ray pencil
-tic_._ of a horizontal heating pipe with

deflection as a curve is possible with

been somewhat modified by Philpot (cf.

ttracentri£uge have the shape of a secto.

_n in order to avoid disruptive convec-
dth increasing thickness of the liquid i
mess is too great when the scale method

:ell is radiated by divergent light;
ls necessary, e.g., as in the investiga-

a lattice diaphragm method. I
I

- It is beyond the scope o t this p_er to go into the physical fundmuntals

-of evaluating the measured results. The centrifugal force mr_ 2, operating on
-_ particle of ms m at a distance r from the center of rotation and ;regular
,-veioclty u., causes a separation of the

_hil,_ Jif£uslon has a tenden.7 to mix
'-velocity or the sedimentatiml equilibr
_solecular data where determi.ation acc

,-and physical methods is extremely unce

part icles according to their mass,
_hem (cf. J29). Now, the sedimentation
lu_ can be measured in order to obtain

)rding to the otherwise normal chemical
rtain.

_. r

- In particular the native albu_Cbodies or proteins reprwsent _n area of
'.ortanic chemistry which has not been wmll investi|ated.

Even Rc_;,n Odd



_- It is true that the approximate _nalytical composition (50 to 55% C;
_--6.5 to 7.3% H; 15 to 18% N; 2_to 24% _ 0 to 2,,4% S; ash) are known, as well

_as a few _mino acids from which_the pY_teins are constructed. Howeve_ the
_kind and _mount of the individual buil_ing blocks is very different a_d the

_ =multitudel:f pr°tein species e_treme_ gr_ea_r upl
_ Abo all, the determination of $olecular size was uncertain to now.

|
Svedberg and his colleagues investigated a large number of animal and

_ _plant proteins with the aid of the ultracentrifuge. Only a small part of

_these is contained in the following tab1_es in which the sedimentation con-
_stants are given (for 2_"_; the numeriSal values have been multiplied by a

15 :factor 1013). The hemoglobin of amphibians and reptiles has two components.

TABLE IO. i HEHOGLOBIN.F. •
2_ _. /_n .... • 4,48Horse . . . 4,4!

r--

_abblt.. • 4.4
i Chicken . 4,2
_- Pr_on.. 4,4

rTsh... _ 4.,--4,s
._ A_mphiblan • 4,5-408; 7,0"--7,7

;:_ .- Reptile • • 4,5--4.8; 7,43
................... _ ...............................

,.

r

r

___ TABLE I I. E IYTHROCROORIN.

, _Arenicola marina .... 57.4
! Lumhricus terrestri._. 60.9 '_._ • •

i Pla.orbis corneus .... 3J. 7
-- Daph,ia pulex.. .... t6,3

Tr. note: Comma indicate decimal points.

kinds of hemoglobin are chemically different, as_0 - Although the individual
<lemonstreted by deterntnation of the i_oelectric point, they show considerable
_qreenent in their sediMntation constlfftts. In all of them the molecular ;

_eight mounts to about 68,000. In th_ case of mphibians and reptiles pro- I
_teins of various molecular weights wer_ found next to one another. I

i_!: _ In contradistinction to the bloo_ pigments included in blood particles,

those directly dissolved in the blood plasma (Erythrocruorins) have higher
4edinentation const_ts and therefore _ higher _)lecular weight cf about
_3,000,000.
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'_pH values
_stability

'i _cules are
_-range sev_
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)eculiarity of proteins, their stability in the presence of various

has been studied in_moreTdet_il, in several Erythrocruorins. These

dxagrams demonstrate f_te range'where the xndxvldual protexr_ mole-

durable, at what H concentration dissociation occurs, and i_ what
ral materials are st_le ne_x to one another. |

mentation constants of 16 - !00.10-13 were found in the hem cyanines 1

|
TABLE 12. HEMOCYANINES.

j _.. Io" ) M

• Homanm vulgaris ..... _'2.6
Cal_iq maeandrae .... " 34

Octopus vulgaris ..... 49,3

Helix pomatia... '.... 98.9 .

447000
8O30OO

• , ] 3290O0
2785OOO
6630Uo0

Tr. note_veEolmls ]nd_cate decimal points.

V Svedberg's extremely numerous in,

_proteins to the proteins o£ muscles, m:
otherenzymes, hormones and many subst_

"_' "-........ In ¢oAc.1_i¢ shottld be state
L-
_surprlsing results. The native, solub

-of one individual or several small molq
Lshape; it seems that only a limited n_

_of a basic mass unit. If the basic un:
_multiplied by 2, 4, 8, 16, 24, 48, 96,
_which occur. A few proteins are compa:

_clarify this theory:

restigations go all the way from serum

ilk and plants, as well as including
races.

|-that t6a 4_a_ug_redeeed-

Le proteins are thus shown to consist

;cular types of well-defined mass and
• er of Weight classes occur, multiples
Lt is selected as 17,600, it Bust be

192, 384, and 576 to produce the weights
red in the following table in order to

3O

35 -

l_O i-
w,.-

F-

F--

p,-

52, "

TABL_ 13.

S20tlO Jj

La¢talbumin,.,.,o
Hemogl ob in (Horse) 4,4

Myogan A II_Exce I s I n I

Hemocyanlna (Palinurus) 16_4

(N.phrops) 24ii
(ams i a) 56
(Hal Ix pam_ti_) 98

Tr. note:

Hfq¥_d

174OO

35500
68OOO

150000
295000
450000
820000

3300000
66OOOOO

Commas_;_ [Icate decimal points.

17600
3520O - 2 • 1760o
70_00 - 4 • 176oo

140800 - 8 .,176oo
282000 - 16 • i76oo
422000 - 24 • 176oo
845000 - 48 • 176oo

3380000 - 192 • 17600
6760000 . 384 • 17600

L t2___4
Even
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R (')('r,,.3r'_ Odd



o.

Even though deviations occur witl
_-cannot be accidental. Deviations may
_-are not chemlcally equal, but c_slst _

5 _£ven the _resence of other organic bod

In _ddition, the ultracentrifug_ :_

_that the _xistence of the molecules is

_has also allowed exact measurement of

10 _of other components.

3O

some proteins, the regularity observed

_pear because the individual molecules

_ larger and smaller amino acids.

es may be involved. |
[

_e_h_' did noto.lyleadto fact
related to a certain pH range,lbut

:his range and determined the existence

Even the influence of salt solutions, the effect of ionic valances the
_-reciprocal influence of proteins, spli_ting of gigantic molecules by ult_ra-

_violet light and ultrasound were able _obe investigated with this method.
Finally this method has confirme_ the findings of X-ray studies that

_-proteins are really unit molecules andlnot an association of smaller molecules_

Clarification of experimental ob ervations on proteins is supported by

_being able to consider them asc,ce_sis_#Rg_, _pherical or nearly spherical

"'_ _pal_icles. !

i linear highThis is not the case with . polymers, particularly with
_fibroid macromolecules, i

25 _ ' ,
}-. Rubber, cellulose and other organic mateTia_, _onsist of fibroid mole-

,_Iong. In suitable solvents they are d_spersedlinto individual molecules.
_Still, we are compelled to work in ver_ dilute;solutions (0.4 g/_) because
:otherwise considerable deviations woul_ occur. This is because the osmotic

-pressure is greater than that which corresponds to the number of particles.

3_

4C

45

- Other difficulties which occur i

-fol lowing:

- Neither the natural nor the synt

-weight, bu_ _lways consist of adjacent
-are therefore polydlsperse.

- Sedimentation Velocity is distur

-.Whether a molecule has the shape of .a

a investigating these ma=erials are the

_etic materials possess a unit molecular

molecules of differing magnitude, and

Oed by the shape of the molecule.
lengthy fiber or whether it is more or

-less colled up into a ball is not immaterial.

- largeThe ultracentrifuge still has a role to play in research on these

_iacroIolecules. i

The requirement of working in sq_flclently dilute solutions can be
_better met with the ultracentrifuge th_nwith the osmter in determining
_mole_lar size. I

-- j

/43__2
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If sedimentation celocity is suf_icient!y hi°oh and diffusion sufficient-

_--ly low. a complete determination of. t_e aod amount of adjacent particles of

F-varying s%zes can be obtained in the c_ntnfuge cell. while otherwise, only

_the mean _olecular weight can be ascertained with no expression of th_ type

of polydi ersion ......

- If _ther experimental data are c_lled upon, the ultracentrifuge method

_can also facilitate determination of m_lecular shape. For example, the fib-

_roid shape of nonsolvated particles, w_ich involve a considerable volume of
=solvent in their movement, can be identified by the fact that with an increase

in concentration they produce a sedimentation velocity of essentially smaller '
_dimensions. I
- ! i

i-31. Other Applications I i
!

The foregoing discussions have s_own by means of example how indispen- i

_sible the schlieren methods are for ma_y types of physical research. Natural-i
_ly the range of application has not be%n exhausted with the summary given

babove, and many interesting papers _d_al_gr_ith schlieren methods are scat-
_tered through the literature. Quite often their authors think that they have
_-found an especially suitable optical a_rang_ment and are not conscious of
i-having constructed a schlieren method | In many cases the light deflections
: o •

:occurrlng are so large that the lens mOuntingswork like schlieren diaphragms.|
• . _ ° °_For example, in t,l. arrangement whlch _ead Benard to dlscover the laws of a

_-turbulent_ath, he used a water contaiher. LightIpeDetrating it was _sed to

_the projecting lens. Naturally if a c_rrect s_hlieren arrangement had been

_used, the sensitivity would have been _onsiderably greater.

_- An interesting suggestion for I_

F. Fischer [132]. A cathode ray tube

face is deforued by a pulsing and modu

television image. The schlieren image

35 L hate a large moving picture screen.

In a similar way the author trie
_image into a visible picture: the ultz
_able layer and the schlleren serve as

'CFor ex_eple, it was possible in this

_0 _visible.

Bergmann [109] uses the schliere

_liquids to measure the speed of sound

1,5 =stop with a rotatin, mirror.

H. Schardin and N. Struth [121]
-waves" in water in the sudden vacuum

-A sisilar process is also produced in

_,_ -such pressure waves was assumed snd_¢J_

rge projection by television is made by
:ontains a thin layer o_ oil whose sur-
rated cathode ray corresponding to the

of the oil layer is expected to illumi-

/433

some time ago to transform an ultrared
ared _ight causes schlieren in a suit-

the object of a schlieren arrangement.
ay to make the flame of a Bunsen burner

n of continuous supersonic waves in
by bringing the schlieren image to a

found the origin of "implosion pressure
_enomenon of air bubbles (Figure 124).
_avitation; here too the existence of

by were held responsible for excessive

LI 6
_Even Odd



--corrosion phenomena, but could not be directly detected (cf. P. de Haller
L[133], among others).

: _- In laboratory practice t_e sensitive detection of schli_ren

_serves to _easure refractive r.e.lat_oo_ips between small glass splint?rs _ by

'.-placing them into a flu:id whose refract'ire index can always be varied|by mix-
_ing two different parts of the fluid.

1434

I

F. Klauer, E. Turowski and T. v. '
_olff have used the schlieren method to

investigate the magnetic properties of
oxygen [143] 1 . I

i

If a heating wire surrounded by
_oxygen is put into an inhomogeneous I

imagnetic field, magnetic convection cu_
rents are added to the normal currents

|and, if both have the same direction, !
!_jtheFu_ead to a faster cooling of the

wire. A determination of oxygen can bel

iphysically carried out on the basis of

_this cooling.

Figures 125a and b provide an ex- i

ampl_ for the!influence of current in. j
the inhdmogeneous ma_etlc-fieid. The

ileft picture shows the heat field in

the vicinity of the heating wir_ if no

magnetic field is present between the
poles to be identified at the contours.

-The right-hand picture shows how the
lheated gas is directed downward after

'the magnet is switched on. In this
icase both convection currents flow in

opposite directions.

! Until now schlieren methods were

Igenerally considered a measurement pro-
!cess which could be applied only in a
few cases and which therefore remain

_Figure 124. Propagation of Implosion
_Pressure Waves in Water From Air
4ubbles Which Had Been Attached to a

_S -Wire at the Homent of a Sudden Drop
_in Pressure Wlien • Bullet was Fired

-Into the Water Container.

_ _Cf. also H. Rein: "Detez_nation o£_

_ - _so_. A;_. _o_o_oh., _o. II

somewhat beyond general l_boratory
practice. The purpose o£ these

remarks would be achieved if they !/._43._5
contributed to eliminate this pre-
judice. Today the schlieren

methods are a tool of experimental
physics with more general import-
anc_0

_gen by a Physical Method," $oh_n,
1940.

f--

L..... ,' 12l .....
P,,Om_n C'. ,i

L___
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Figure 125a.

I

I
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_Flgures 125a and b. Schlleren Exposur,

Title

., Li ./

\

iI !i

Figure 125b.

s in the Vicinity of a Heating Wire in

_an Inhomogeneous Raanetic Field. a,_W20 " _over va_

25

30 i2.

-3,

35 -4.
-5 •

"6 •

7.
40 -8.

-g,

-10.

45 -11.
-12.

-15.

-14.

-15.

5O

thout Field; b, With Field,
_OUr'C_
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